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Interfacial charge transfer (ICT) across the molecule-TiO2 nanoparticle interface
has gained enormous research attention for applications in dye sensitized solar cells
(DSSC), photo-catalysis, water splitting and nonlinear optics. DSSCs are promising clean
alternative energy sources. However, current DSSCs suffer from lower efficiencies and
higher cost. Better understanding of the ICT processes in DSSCs can help solve these
problems. We have used two strategies to understand ICT in the context of DSSCs.
Firstly, we used a computationally validated anchor group, acetylacetonate (acac) to bind
molecules to the semiconductor surface and facilitate charge separation. Secondly, we
used natural dye sensitizers, which possess the acac anchoring group in developing costeffective DSSCs. We monitored the ICT dynamics in acac derivatives using ultrafast
luminescence and transient absorption techniques. Our results show that acac is best for
sensitizing TiO2 and ICT is dependent on the mode of complexation. Also, they show that
the curcuminoids with acac as anchoring group are good sensitizers for dye solar cells.
The understanding of ICT was further applied in developing materials with better
two photon absorption (2PA) cross-sections. In pursuit of better 2PA materials, we used a
novel idea of stationing chromophores on charge-transfer (CT) modified semiconductor
nanoparticles to enhance their 2PA cross-sections. As a proof of principle, we

synthesized two dye molecules with a catechol anchoring group that form (CT)
complexes without injecting electrons into TiO2. Ultrafast fluorescence and transient
measurements have shown that the dye molecules inefficiently inject electrons and
catechol forms a CT complex with TiO2 surface. A 3-fold 2PA cross-section
enhancement was observed when the dye was stationed on the TiO2 surface. The 2PA
enhancement was assigned to the increased electric field on the surface of TiO 2 from the
catechol-TiO2 CT complex. To amplify the electric field, the TiO2 surface was modified
by small molecules like catechol and salicylic acid which form CT complexes with TiO2.
We have shown a 40-fold 2PA enhancement on surface modified TiO2 nanoparticles
suggesting that 2PA cross-section enhancement is possible by the appropriate stationing
of chromophores on surfaces via a phenomenon that can be termed as “SurfaceEnhanced 2PA”.
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CHAPTER 1
INTRODUCTION AND BACKGROUND
1.1.

Nonlinear Optics and Nonlinear optical materials

The study of optical materials has had significant transformation since the discovery
of the first working laser in 1960 by Maiman.1 The interaction of high intensity radiation
with matter has opened the door to the enthralling world of nonlinear optical (NLO)
phenomena in a varied range of materials. Some of the remarkable exploits that have
been achieved using non-linear optics include; altering the refractive index of a material
by merely just varying the voltage applied across it, generating radiation that has half the
wavelength of the incident radiation after it interacts with a material medium, and
switching a material’s capability to transmit light reversibly through the use of either
electrical or optical stimuli, which generate infrared region wavelengths by spatially and
temporally overlapping two beams of visible wavelengths. These feats have spawned a
horde of applications including; optical limiting,2,3 3D data storage,4-6 3D
micro/nanofabrication

7,8

and multi-photon microscopy and imaging9,10. A NLO

phenomenon is categorized by the dependence of a material’s property on intensity of the
exciting radiation. This dissertation will only cover Two-Photon Absorption (2PA),
which is a third order NLO phenomenon. It occurs when there is simultaneous absorption
of two photons by a molecule causing it to be excited from its ground to excited state.
Despite the source of light investigating NLO phenomena (lasers) going through
significant improvement in their speed, accuracy and sophistication, its counterpart, the

1

NLO material has garnered the most attention for their applications. The quest for novel
materials with the intrinsic ability of displaying large NLO responses is the key
motivation of research in the field of non-linear optics. It is essential to fundamentally
understand the various molecular parameters that affect NLO behavior in order develop
novel materials. It is this yearning to comprehend the structural property relationships in
NLO materials that has resulted in the field of NLO. The development of NLO
application materials initially started with inorganic materials. After the first successful
demonstration of NLO behavior in materials, rare earth metal salts and inorganic crystals
were touted as the most viable candidates.2,3 However, organics easily became the more
attractive alternative in the field of NLO materials owing to their:
1. Ability to manipulate chemical structure
2. Straightforwardness of processing
3. Light in weight
4. Low cost
Consequently, significant research has been directed toward developing novel organic
materials for NLO applications. The arrival of conjugated materials, innovative catalyst
systems and progressive techniques in organic chemistry eased the development of
organic NLO materials. Simultaneously, the development of 2PA materials using organic
materials initially began with the investigation of small conjugated compounds such as
simple and fused ring aromatics and commonly used dyes like coumarin and its
derivatives. Despite organic chemistry providing an avenue where molecules can be
manipulated to provide materials for 2PA applications, it is constrained by synthesis
parameters such as the strength of functional groups and the variety of  linkers.
2

The arrangement of small molecules into long polymers chains, such that the
individual molecule’s NLO behavior could be synergistically harvested to produce large
optical non linearity, was envisioned as remedy to the deficiency of organic synthesis.
Polymers such as polythiophenes, polydiacetylenes polyphenylenevinylene derivatives
were investigated for their 2PA properties. However, polymers tended to exhibit
saturation in conjugation, carrier mobility and the NLO behavior beyond a certain
number of repeated units. The use of NLO active small molecules as side chains on the
polymeric backbones was also unsuccessful. This was because of synthetic
considerations similar to those organic dyes were constrained to. As a compromise
between small molecules and dyes, the NLO community shifted its focus to oligomeric
materials which once again their optimization of the 2PA properties were constrained by
synthetic considerations.
Attention shifted to the then novel idea of the use of branched architecture using
nitrogen, phosphorus, benzene rings, paracylophane rings and triazines as brancing
centers and a variety of functional groups. The idea behind it was to efficiently pack more
chromophores into a small space by adopting different dimensionalities. This spawned
novel multidimensional materials such as quadrupoles and octupoles. The commonality
in the aforementioned strategies is that the biggest constraint is chemical synthesis. Thus,
there is a need to come up with ways that don't heavily rely on synthesis but utilize other
aspects of different material behavior such as the coupling of different materials to
synergistically amplify NLO properties of established organic molecules.
Therefore, the main goal of my research is to investigate proposed approaches that
complement the chemical synthesis approach. In order to advance the development of
3

NLO materials, there is a need to wholly appreciate the fundamentals of the building
blocks in the proposed systems. This systematic approach would be geared to aid in the
design the optimal building blocks. This could shed light into the less investigated
parameters such as the influence of interfacial electron transfer, local electric field and
surface electric field which play significant roles in NLO properties.
1.2.

Two Photon Absorption

The order of nonlinearity exhibited by a material can be utilized in the NLO
properties of a material. This can be done through determining the material’s behavior
dependence on the intensity of the electric field strength of the incident radiation. 2PA is
one such category. Materials whose optical behavior changes quadratically with respect
to incident intensity can express the nonlinear quantum effect, 2PA. To describe the
displacement of charges in an organic material upon interaction with an electric field
using a the anharmonic oscillator model, the polarizability of a material can be expressed
as a power series in electric field strength as shown in equation 1.1
𝑃(𝑡) = 𝜒1 𝐸(𝑡) + 𝜒 2 𝐸 2 (𝑡) + 𝜒 3 𝐸 3 (𝑡) + 𝜒 4 𝐸 4 (𝑡) + ⋯

1.1.

Where, 𝜒 2 , 𝜒 3 , and 𝜒 4 designate the second, third and fourth order susceptibilities
respectively. The derivation of the fundamental equations for nonlinear optics borrows
heavily from quantum mechanics and Maxwell equations can be quite comprehensive.
Concisely, the wave equation in NLO media can be expressed as 11:
𝑛2 𝜕 2 𝐸

∇2 𝐸 − 𝐶 2 𝜕𝑡 2 =

4

4𝜋 𝜕2 𝑃
𝐶 𝜕𝑡 2

1.2

Considering the previous equation 1.1 the third order polarizability or cubic
polarization can be expressed as,
𝑃(3) (𝑡) = 𝜒 3 𝐸 3 (𝑡)

1.3

Where, 𝜒 3 is the third order non linear optical susceptibility.
The 2PA phenomena can be described as: when a small frequency 𝜔𝑠 is propagated
through a medium in the presence of a strong pump signal frequency 𝜔𝑝 and the
frequencies are selected such that the sum of 𝜔𝑠 and 𝜔𝑝 are equal to the sum transition
frequency of the material, then a transition through the simultaneous absorption of these
two photons can take place. In this way, 2PA results in the attenuation of the signal
despite the material not absorbing the signal frequencies directly. This research study has
put its focus on novel strategies on the enhancement of two photon cross-section of
organic dyes on the surface of semiconductor nanoparticles.
1.2.1. Background
In 1931, the process of an atom being raised to an excited state of equal to the sum of
two simultaneously absorbed photons by 2PA was theoretically predicted by Maria
Göppert-Mayer12. This was before the development of the laser. Consequently,
experimental verification was impossible at the time due to the large irradiancies
required. The first experimental evidence of the phenomenon was achieved thirty years
later by Kaiser and Garrett at Bell labs in New Jersey13. They investigated a CaF2:Eu2+
crystal using a ruby laser which at the time they referred to as an Optical Maser
(Microwave Amplification by Stimulated Emission of Radiation) but was later changed
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to LASER (Light Amplification by Stimulated Emission of Radiation) an acronym
created by Gordon Gould who wrote his thoughts and the definition of a laser on his
notebook and instead of publishing it in a scientific journal , he asked a candy store
owner to testify to his script. Consequently, having not fulfilled all conditions of a patent,
the patent went to Townes and Schalow14 after a couple of years of legal proceedings,
Gould secured a series of patents on laser applications and concepts15 and he and his legal
team were able to collect millions in royalties. The excitation of the crystal at 694.3 nm
yielded a blue fluorescence observed at 425 nm. They affirmed that that there was no
liner absorption below 455 nm and that the crystal was transparent at the excitation
wavelength. The observed fluorescence was attributed to two photon excitation. A
quadratic dependence was shown from the observed fluorescence intensity and incident
ruby laser intensity. The CaF2:Eu2+ crystal used was 1 mm thick with a 0.1% doping
level. The fluorescence was rudimentarily recorded on a photographic plate where the
image consisted of an oversaturated spot resulting from the ruby laser and a fluorescence
spot. This was a rudimentary yet an authoritative demonstration of Two Photon Excited
Fluorescence (TPEF) process.
The two photon process is schematically represented in Figure 1.1. The assumptions
made in the example are that, the first excited state of the molecule corresponds to the
energy of a 400 nm photon, which falls in the range of most common organic dyes.
Secondly, assuming that the transition is permitted by 2PA, it can be realized with
sufficient intensity by the simultaneous absorption of two 800 nm photons.
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Excited State
𝟏
𝐡𝜸
𝟐
𝐡𝜸 (OPA)
2PA

𝟏
𝐡𝜸
𝟐

Ground State

Figure 1.1 The Two Photon Absorption process
The emphasis on this 2PA example is that the absorption of the two photons is a
simultaneous process and does not comprise a virtual or intermediate state. It is therefore
observed that the excitation shifts from the 400 nm one photon UV-Vis range to the 800
nm near IR range. With this shift to lower excitation energy wavelengths scattering is
reduced as prescribed by Rayleigh’s law which is succinctly expressed as:
𝑆𝑐𝑎𝑡𝑡𝑒𝑟𝑖𝑛𝑔 𝛼

1
𝜆4

1.4.

It therefore follows that a two-fold increase the excitation wavelength, scattering
can be reduced by a significant 16 times. The use of longer wavelengths not only reduces
scattering but it also reduces linear absorption. With the decreased scattering a greater
penetration depth of the exciting radiation into the absorbing material is realized.
Furthermore, these properties result in smaller extremely focused sample volumes on the
material. It is evident that 2PA makes available exceptional advantages over the
conventional one photon absorption (1PA). The example in Figure 1.1 represents a
degenerate two photon absorption process where two photons of equal energy through
7

2PA excite a molecule. It is also possible to accomplish non-degenerate 2PA
measurements by employing two photons of unequal energy.
1PA and 2PA possess different selection rules16. In centro-symmetric molecules
1PA and 2PA are mutually exclusive i.e. transitions permitted in 1PA are forbidden in
2PA and vice versa. This can be explained by basic symmetry considerations17, the
operator accountable for an n-photon absorption is proportional to xi yj zk, where x y and
z are the electron Cartesian coordinates and i, j and k are integers that must sum up to n.
The direct product symmetry must contain the irreducible representation of the transition
operator. The inversion symmetry of the Cartesian coordinates of a centro-symmetric
system leads to a parity of selection rules: gg or uu for even values of n and ug
for odd values of n.
2PA is dependent on the polarization of the excitation radiation18-21. Dissimilar
behavior is expressed by linearly and circularly polarized excitations. This is a
consequence of the involvement of two different transition moments in addition to the
different states for 2PA. This contrasts one photon absorption which is independent of the
polarization of the excitation source provided that the molecules are not orientated in any
preferential direction.
1.2.2. Applications of 2PA
The array of the aforementioned unique features of 2PA, endear it to a host of
applications. In 1989, Rentzepis and coworkers unearthed one of the first applications of
2PA22. This was 30 years after 2PA was experimentally verified. They demonstrated how
2PA could be employed in three dimensional optical data storage which had the
8

advantage of fast random access of information and high bit densities. They used a
photochromic molecule: spiropyran that has two forms shown in Figure 1.2A. Form (I)
absorbs in the UV region and does not substantially fluoresce while form (II) absorbs in
the visible region and produces a red shifted fluorescence.

A

B

Figure 1.2 (A) The two forms of photochromic molecule spiropyran absorbing at
different wavelengths. (B) A representation of a three dimensional optical memory based
on a two photon absorption procces22
Writing targets form (I) and therefore requires radiation in the UV range. The two
photons of 532 nm to yield 266 nm and separately 1064 nm and 532 nm to yield 355 nm
excitation were used. 2PA occurs only at the place where the two beams overlap within
the volume of the storage media. Therefore spatial resolution can be realized by
translating the beams along the axes of the sample to produce a three dimensional
formation that were observed as colored spots stored in a page format as displayed in
Figure 1.2B. The read cycle operates similarly but uses light at longer wavelengths. Since
only molecules that have been written will absorb the long wavelength of light, this long
wavelength of light will only be emitted by the written molecules.
A year later, the use of two photon emission fluorescence (TPEF) in microscopy
was reported by Watt Webb and coworkers.23-30 The foundation of this application was
9

based on the fact that human tissues tend to have better transmission at long wavelengths.
This would be convenient since 2PA outspreads its excitation regime to near IR
wavelengths that would imply no damage to the tissues that are in and out focus. This is
with the added advantage of reduced scattering, greater penetration depth and ability to
get highly focused to femto-liter volumes.31,32 TPEF microscopy is commanding and
widely held tool that is used for the investigation of biological phenomena.
With the growing translational potential of 2PA technologies around it have
matched its development in order to make it more effective in its application. One of
these technologies is the use of longer wavelength laser pulses for deep tissue
penetration33-35 that Kobat D. et. al. has been able to harness and apply effectively. They
have shown that using long wavelengths pulses at 1280 nm on mouse brain blood vessels
where blood plasma has been labelled by FITC-dextran and Alexa680-dextran, elicits
excitations that make it possible to get a clearer deeper tissue image in comparison to a
near IR excitation at 775nm34. A clear image could be obtained up to twice the depth
using the 1280nm excitation in comparison to the 775nm excitation as shown in Figure
1.3.
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(a)

(e)

(b)

(c)

Figure 1.3 A TPM of mouse brain blood vessels at 1280 and 775 nm excitations34
Optical power limiting (OPL) is another interesting application of two photon
absorbing materials36-38. Optical power limiting is when a large change in the input signal
results in a small change in the output as displayed in Figure 1.4, OPL materials are have
the innate ability to allow normal transmission of light at low intensities and limited
transmission at higher intensities39 and as a result are used for applications that require
laser protection.
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Figure 1.4 The concept of optical power limiting
OPL can be a result of two known mechanisms; accumulative optical
nonlinearity and Instantaneous optical nonlinearity. Accumulative optical nonlinearity
occurs when upon the application of an electric field, the polarization density changes
slowly with time at a time scale that is either comparable or much longer than the
duration of the excitation. Accumulative optical nonlinearities therefore require a transfer
of energy which then initiates the optical nonlinear phenomena. Owing to their
properties, accumulative optical nonlinearities can be applied in the fabrication of optical
limiters that are independent of the pulse duration.

Reversible saturable absorption

(RSA) is an excellent example of accumulative optical nonlinearity. RSA comes about
when the ground state absorption cross section (12) of a molecule is much smaller than
the excited state absorption cross section (23) as displayed in Figure 1.4. Conversely, a
material can be referred to as a saturable absorber when the ground state absorption cross
section (12) of a molecule is much larger than the excited state absorption cross section
(23). In essence, a material exhibiting RSA will eventually become transparent with
increasing intensity.
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𝑑𝐼
𝑑𝑧

= −[𝑁𝑇 𝜎12 + 𝑁2 (𝜎23 − 𝜎12 ]𝐼

1.5

Such that, NT is the number of molecules contained in a slice of thickness dz
while N2 is the number of molecules in level 2 which initially starts at zero. Therefore,
equation 1.5 can be reduced to Beer’s law where transmittance can be expressed as:
𝐼

𝑇 = 𝐼 = 10−𝜎12 𝑁𝑇𝐿
0

1.6

However, at high fluence, the ground state becomes depleted. Such that, 23
 12 and

equation 1.6 simplifies to
𝐼

𝑇 = 𝐼 = 10−𝜎23 𝑁𝑇𝐿
0

1.7

In such a case, even though intensity increases, the increase is significantly
slower, since, 23  12. This means that the larger the 23 to 12 ratio the better the optical
limiter.
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Figure 1.5 Mechanism for reverse saturable absorption in optical limiting materials40
Instantaneous optical nonlinearity is an instance whereby, on the application
of an electric field, the change in polarization density occurs instantaneously. A prime
example of Instantaneous optical nonlinearity is 2PA. Referring back to Figure 1.5,
Consider the molecule possesses three distinct energy levels and has a low value of 12
and a short excited state lifetime 21. This would essentially mean that state 2 effectively
becomes a virtual intermediate state. Therefore once a material absorbs a photon, it
proceeds to this virtual state where another photon instantaneously pumps it to state 3.
This entire 2PA process can be exclusively expressed as.
𝐼

𝐼𝐿 = 1+𝐼0 𝛽𝐿

1.8

0

𝐼𝐿 =

𝐼0 (1−𝐼0 𝛽𝐿)
1−𝐼02 𝛽 2 𝐿2

𝐼𝐿 = 𝐼0 (1 − 𝐼0 𝛽𝐿)

or
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1.9

Therefore IL decreases as I0 increases. However, the increase is more drastic
in the event that  increases too. By and large,  tends to be miniscule. Therefore large
intensities are a requirement in order to achieve significant 2PA. In this instance the
transmitted fluence can be expressed as:
𝜏

𝐹 = 𝛽𝐿

1.10

where,  is the pulse duration. It is interesting to note that fluence is indirectly
proportional to β.
2PA has been applied with considerable success in photodynamic therapy
(PDT)41-51. PDT is a cancer treatment method that targets and destroys cancerous cells
through the use of a photosensitizer which in the presence of light produces a cytotoxic
effect on cancerous cells. Not only has PDT achieved worldwide acceptance, it has been
approved by the federal food and drug administration (FDA) in USA. After Dougherty
discovered the tumor localizing properties of certain pophyrins in the 1970s52,53 interest
in PDT increased exponentially. This enabled the growth of PDT and pioneered much of
the research in PDT.
Essentially, light, a photosensitizer and singlet oxygen are the three
requirements of PDT. The cytotoxic agent in the therapy is singlet oxygen which is
generated with great efficacy by the photosensitizer. Generation of the singlet oxygen
starts with the two photon absorption and excitation of the photosensitizer to its singlet
state. This state has a very short lifetime and as such, it is best that the photosensitizer
undergoes intersystem crossing (ISC) from its singlet state into its triplet state. This is
convenient because the ground state of atomic oxygen possesses a triplet character.
15

Therefore, singlet oxygen is generated when triplet triplet annihilation occurs between the
oxygen and the photosensitizer.
Photofrin has found prominence as one of the most used photosensitizer in
PDT since its absorption maxima is in between 400 to 500 nm. In the presence of visible
light, photofrin can be used to generate singlet oxygen. This however would be an
impediment in the event that the PDT target requires ample deeper tissue penetration. In
such a case PDT can only be accomplished by a photosensitizer that exhibits a
respectable 2PA cross section in the 800 nm to 1300 nm range. To advance PDT, there is
a need to design materials with good 2PA cross sections. This would ensure an increase
in the penetration depth, photo-excitation efficiency and smaller focusing volumes that
would ensure that tissue damage is only at the focus point.
Ogawa K and Kobuke Y. have synthesized compounds and shown experimentally
that they can be used for selective targeting of tumor cells via two photon excitation 51. A
PDT experiment was conducted using two photon irradiation on Hela cells that were
incubated in a Water-soluble supramolecular porphyrin on a glass slide. To achieve this,
HeLa cell irradiated for 5 minutes at 600 mJ/cell using 100fs pulses at 780 nm at an
average power of 2 mW. The upper site of the cell was selectively excited on the position
marked in Figure 1.6A. Degradation was observed after the irradiation on the upper cell
while the un-irradiated lower cell was intact as shown in the position marked in Figure
1.6B. Control experiments using hematoporphyrin and without the photosensitizer
yielded no damage.
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B

A

Figure 1.6 Pictures of before (A) and after (B) the degradation of the cell membrane was
observed after two photon excitation in the presence of a photosensitizer51
Microfabrication has derived immense benefit from the development of
2PA54-59. This is because 2PA unlike the conventional linear absorption varies
quadratically with the input intensity on a material. This would evident considering a
beam with Gaussian distribution of intensity where the rate of one photon absorption of a
material would decrease linearly of the incident beam. Contrastingly, the decrease from
the center of the incident beam would be quadratic for a 2PA process. This property
together with the reduced scattering, ensure that smaller focus volumes are obtained and
in this context, a greater number of features per unit volume can be realized. As a result
of better penetration depth, access to volumetric elements would be more precise by the
use of 2PA.
Ushiba S. et. al. have shown that it is possible to fabricate micro/nano single wall
carbon

nanotube

(SWCNT)/polymer

composites.60

They

applied

two-photon

polymerization lithography which enables the fabrication of (SCNT)/polymer composites
with a spatial resolution of sub-micrometers. Using a center wavelength of a Ti:sapphire
laser, a near infrared femtosecond pulsed laser beam at 780 nm was focused onto a
SWCNT-dispersed photo resin. This wavelength was selected because it was suitable for
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the excitation of the resin61,62 and corresponded to a valley between the absorption peaks
of SWCNTs ensuring no damage or excess absorption by the SWCNTs. Based on
programmed

patterns

of

scanning

focus

points

three

dimensionally,

3D

micro/nanostructural SWCNT/polymer composites such as a 8 m-long micro-bull,
micro-teapot and micro-lizard were fabricated.
A

C

B

 1m

 1m

 1m

Figure 1.7 The 2 -3D micro/nano structures fabricated using TPP lithography from
SWCNT/polymer composites (A)-(C) are a micro-bull, micro-teapot and a micro-lizard60
Other potential applications of 2PA comprise sensing63-66, two photon
induced FRET67 melanoma diagnosis68, elucidation of protein folding69,70, in vivo
multiphoton tomography71,72, tissue engineering73 and cosmetic research74.
1.2.3. Theoretical Considerations
Two photon absorption cross section (2PACS) is a parameter used to define
the intrinsic ability of a molecule to absorb two photons of either the same or different
wavelengths simultaneously. It is usually denoted by the symbol  which is related to the
third order nonlinear optical polarizability  considering 3 as:75
3 ℏ𝜔2 Im[𝛾(−𝜔;𝜔,𝜔−𝜔)]

𝛿=2

𝜀0 𝐶 2
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1.11

The above expression has been arrived at based on how perturbation treats
light and matter interaction providing sum over states (SOS) formalism which is the
expression for molecular polarizabilities as a summation of all the excited states of the
molecules76. There are a couple of cases where the SOS expression for  can be
simplified. A relevant case is when the linear optical response is dominated by a single
low lying excited state. The summations over the excited states that are coupled to the
ground state can then be limited to the particular excited state and the summations over
the upper lying excited states go over those few excited states that are coupled to the
dominant excited state. With this consideration, the frequency dependent third order
molecular polarizability can then be reduced to,
1

𝛾𝑥𝑥𝑥 (−𝜔; 𝜔, 𝜔, −𝜔) ≈ 6ℎ′3 𝑃(−𝜔; 𝜔, 𝜔, −𝜔)
2 Δ𝜇 2
𝑀𝑔𝑒
𝑔𝑒

(𝐸𝑔𝑒 −ℏ𝜔−𝑖Γ𝑔𝑒 )(𝐸𝑔𝑒 −2ℏ𝜔−𝑖Γ𝑔𝑒 )(𝐸𝑔𝑒 −ℏ𝜔−𝑖Γ𝑔𝑒 )

+

𝐷
+
{
𝑁
(𝐸𝑔𝑒 −ℏ𝜔−𝑖Γ𝑔𝑒 )(𝐸𝑔𝑒 −ℏ𝜔−𝑖Γ𝑔𝑒 )(𝐸𝑔𝑒 −ℏ𝜔−𝑖Γ𝑔𝑒 )
𝑇
2 𝑀2
𝑀𝑔𝑒
𝑒𝑒′
∑𝑒′
(𝐸𝑔𝑒 −ℏ𝜔−𝑖Γ𝑔𝑒 )(𝐸𝑔𝑒 −2ℏ𝜔−𝑖Γ𝑔𝑒 )(𝐸𝑔𝑒 −ℏ𝜔−𝑖Γ𝑔𝑒 )]
[
4
𝑀𝑔𝑒

1.12

where, Mge represents the transition dipole moment ge which is the ground and the
excited state respectively. ge represents the change in dipole moment as a consequence
of the transition from the ground state to the first excited state which is in part a
consequence of change in conformation. Mee’ represents the transition dipole moment for
the transition from the first excited state to the 2PA allowed excited state.  is the
damping factor while E represents the difference in energy between the states involved in
the transition. Term D is the dipolar term and it exclusively appears in non centrosymmetric systems. The T term comprises the two photon absorption allowed excited
19

states and it is significantly dependent on the upper excited state. Term N is the negative
term and it does not make any contribution to 2PA. It relates to the linear polarizability
which makes an allowance for the possibility of one photon resonances only. By
separating the peak 2PA cross section on the basis of the transitions involved, the two
state model can be simplified to:
𝛿2−𝑠𝑡𝑎𝑡𝑒 𝛼

2 ∆2
𝑀𝑔𝑒
𝑔𝑒
𝐸2
𝑔𝑒
4

1.13

Γ

On a three state model,  can be expressed as:

𝛿3−𝑠𝑡𝑎𝑡𝑒 𝛼

2
2
𝑀𝑔𝑒"
𝑀𝑒𝑒′

(𝐸𝑔𝑒 −

𝐸

𝑔𝑒′ 2
) Γ
2

1.14

It is evident that factors affecting  are the energy differences between the states
involved, change in dipole moment and the ground and the excited state transition dipole
moments.
1.2.4. Structure-Property Relationship for Enhancing 2PA
In order to exploit the full potential of the technologies based on 2PA, major
improvements are necessary. Areas that are in need of improvement include design and
synthesis of highly active organic two photon chromophores and for practical purposes,
solubility and photostability. To ensure that there is a systematic design and synthesis of
new and efficient chromophores, a clear understanding of the structure-property
relationships is needed. However, there is a lack of detailed knowledge of molecular
design parameters for new chromophores to obtain enhanced 2PA cross-sections. Herein
is a brief collection of some molecular design concepts.
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1.2.5. Strategies for Molecular Design
Organic chromophores have certain parameters that influence their ability to absorb
two photons. The transition dipole moment and the induced change in the dipole moment
are a consequence of excitation. The presence of π-conjugation, its length, donor and
acceptor strength and characteristics of the π-bridging center between the donor and
acceptor groups are factors that heavily impact the 2PA cross section of the chromophore.
By and large, chromophores possessing a high extinction coefficient and a significant
fluorescence quantum yield are usually good candidates for 2PA applications. The
general purpose of designing novel molecules in the intended work is to create molecules
that have the two attributes which implies that the molecules afford good charge
separation, transition dipole moment and change in the dipole moment upon excitation
which is within the criteria by which 2PA can be enhanced.
Some of the structure-properties relationships for 2PA cross sections of organic
chromophores comprise: simple organic dipolar chromospheres (D-A)77-84, complex
structures that include quadrupolar (D-π-A- π -D or A-π-D-π-A)85,86, dendritic87-102and
octupolar architectures81,89,103-109. Reinhardt B.A. et. al. have been able to show that the
two photon enhancement on two general organic structures at an optimum wavelength of
800 nm.110 A series of organic chromophores were synthesized based on a two pronged
designed concept. The organic structures comprised Type I chromophores that were
symmetrical in nature and consisted of a polarizable  electron bridge in the middle and
heterocyclic electron deficient groups on each side and type II chromophores that were
structurally asymmetrical and consisted of an electron donor on one side and an electron
acceptor on the other as shown on the Figure 1.8.
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A. Type I

Heterocyclic 
electron acceptor

Polarizable 
electron Bridge

Heterocyclic 
electron acceptor

B. Type II

Heterocyclic 
electron donor

Polarizable 
electron Bridge

Heterocyclic 
electron acceptor

Figure 1.8 Structural features investigated for two photon absorption (A) Type I
chromophores and (B) Type II chromophores
The challenge in the molecular design was to enhance the 2PA cross-sections of
the chromophores without shifting the excitation peak from 800 nm. This wavelength
was ideal because most organic materials and biological tissues have large optical
transparency at this wavelength and is suitable for two photon imaging applications.
Mode locked Ti-Sapphire lasers provide femtosecond pulses at this wavelength. The
structural elements which increase the effective conjugation length and polarizability of a
chromophore work to enhance its 2PACS as well. In general, the criterion of increasing
the 2 at 800 nm can be summarized to (i) extending the -conjugation length by the
addition of more polarizable double bonds like vinyl, heterocyclic, or aromatic moieties
and (ii) increasing the degree of planarity of a molecule using fused aromatic ring bridges between the electron donor and acceptor. Figure 1.8 shows the respective type I
and II chromophores along with their linear and non-linear properties.
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max(Abs) = 390 nm
max(Em) = 465 nm
2 = 4.9 x 10-48cm4s photon-1

max(Abs) = 430 nm
max(Em) = 521 nm
2 = 28.5 x 10-48cm4s photon-1

Figure 1.9 Influence of increase in conjugation on two photon, absorption and emission
maxima in a Type I chromophore
Increased
conjugation via a
polarizable olefenic
double bond
max(Abs) = 347 nm

max(Abs) = 388 nm

max(Em) = 453 nm

max(Em) = 488 nm

2 = 12.9 x 10-48cm4s photon-1

2 = 68.4 x 10-48cm4s photon-1

Changing of the  bridge by
a strong fluorescent group

max(Abs) = 367 nm
max(Em) = 485 nm

Increased
planarity of
the  bridge

max(Abs) = 390 nm
max(Em) = 492 nm
2 = 115.6 x 10-48cm4s photon-1

2 = 39.0 x 10-48cm4s photon-1

Figure 1.10 Type II chromophores and their optical properties110
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It is important to note that even though the molecular design parameters are
geared at increasing the chromophore’s 2PA cross-section peak adjacent to 800 nm, it is
essential to measure the entire 2PA excitation spectra in order to get the absolute
relationship between the molecular structure and the 2PACS of the studied
chromophores. Chung et. al. synthesized a series of organic molecules that have a multi
branched structure that were based on the linkage of either two or three identical
asymmetric type chromophore units to a common electron donor111. This was carried out
using a combination of a polarizable stilbene which was the  bridge and an oxidazole a
heterocyclic unit which was the electron acceptor. This is a promising molecular design
that can aid in the development of multi-branched and poly functional polymers and
dendrimers with high 2PACSs. The chemical structures and their optical properties are
displayed in Figure 1.11.
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max(Abs) = 417 nm
max(Em) = 510 nm
2 = 208.0 x 10-20cm4 GW-1

max(Abs) = 426 nm
max(Em) = 516 nm
2 = 587.0 x 10-20cm4 GW-1

Figure 1.11 Chemical structures and optical properties of the multi-chromophore
systems111
Marder and Perry co-workers studied structure-property relationships by testing
various organic functional groups and their influence on 2PA with their focus being on
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stilbene derivatives87. The synthesized molecules were all symmetrical and fit two
categories: Donor- acceptor-Donor (D-A-D) and Acceptor-Donor-Acceptor (A-D-A) as
shown in Figure 1.12.
(A)

max(Abs) = 472 nm
max(Em) = 525 nm
2 =19.4 x 10-48cm4s photon-1

(B)
max(Abs) = 618 nm
max(Em) = 745 nm
2 = 44.0 x 10-48cm4s photon-1

Figure 1.12 Chemical structures of D-A-D (A) and A-D-A (B) type chromophores and
their optical properties87
They were able to show that excited states achieved through 2PA were higher
than those achieved through linear absorption. They observed that the peak position of
2PA occurs at wavelengths shorter than two times the linear absorption. It is important to
note that molecular 2PA cross sections vary significantly depending on the experimental
conditions like the solvent used, pulse duration and intensity level of the laser. Despite
organic chromophores having considerable success as two photon absorbing materials,
they encounter synthetic challenges with increased conjugation, self-aggregation at
higher concentrations and are quite unstable. This has diminished their viability in their
most pertinent uses which is in solid state applications. The search of materials with good
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2PA cross-sections have led us to use chromophores at the surface of semiconductor
nanoparticles. To successfully use them, a detailed understanding of interfacial chargetransfer processes is necessary. Before providing our approach, fundamentals of
interfacial electron transfer are provided here.
1.3.

Interfacial Electron Transfer

Interfacial electron transfer (ET) is the transfer of electrons across a molecule’s
discrete and localized molecular state and a continuum of states in a semiconductor112.
This phenomenon applied to the sensitizer-semiconductor nanoparticle interface has been
the subject of intense study in recent years113. This marvel has had significant
contributions to chemistry and more specifically has formed the basis for the field of
electrochemistry and most importantly surface photochemistry.114 Observations of
surface mediated electron transfer date back to as early as Faraday’s Time. The
phenomenon was observed at metal electrode surfaces where current measurements in
electrochemical cells were used in the understanding of the process114. However, such
measurements provided true values when interfacial ET was the rate limiting step112 such
that a direct relation between current and the rate of ET was readily determined. Current
in electrochemical cells is affected by a couple of factors such as electrolyte transport.
This goes on to show that when interfacial ET is not the actual rate limiting step it
actually limits the technique to slower ET processes or makes it impossible to find the
current-ET rate relation112. Novel approaches in the understanding of interfacial ET like
time resolved spectroscopy have been used extensively and have very successfully
pushed the limits of measurements to much faster timescales (<ns).112
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The understanding of electron transfer dynamics in interfacial ET has brought about
the development of hybrid solar cells that are based on combinations of molecular and
nanostructured semiconductor components. Promising efficiencies have been exhibited
by hybrid solar cells that have utilized dye sensitized nanocrystaline films 115,116 and
conjugated polymer/nanoparticles composites117. The use of semiconductor nanoparticles
to a great extent aid the Interfacial ET as nanoparticles provide a large effective surface
area for the formation of thin photoactive junctions that facilitate efficient charge
separation at the sensitizer-semiconductor interface within the short lifetime of both the
excitons and excited states118.
A cartoon of interfacial ET at the molecule-semiconductor nanoparticle interface is
shown below on Figure 1.13. Such a system can be generally described as a donor
acceptor complex comprised of a molecule (electron donor) anchored to the
semiconductor nanoparticle surface (electron acceptor). Excitation of the adsorbate to its
excited state which should be strategically above the band edge of the semiconductor
initiates forward ET (electron injection) from the excited states of the molecule into the
semiconductor conduction band. However, back ET (recombination) can occur after
electron injection which competes with both the electron diffusion processes and electron
relaxation in the semiconductor nanoparticle.119
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B

A

Figure 1.13 (A) The interfacial charge transfer interaction across moleculesemiconductor nanoparticle interface. (B) The electronic interaction at moleculesemiconductor interface highlighting Band to Oxidant Charge Transfer (BOCT)and
Reluctant to Band Charge transfer(RBCT).120
1.3.1. Theory behind ET
The interfacial ET process can be summarized as a normal chemical reaction with the
reactant state being the electron in the molecular excited state while the product state
being the oxidized molecule and the electron in the semiconductor electron band. Figure
1.14 below shows a single reactant state (a discrete localized molecular state) which
connects to a continuous manifold of product states (continuum of K states in the
semiconductor). The manifold of product states corresponds to electron injection at
different electronic levels in the semiconductor. In the non-adiabatic limit, the sum of all
ET rates to all the accepting states in the semiconductor is regarded as the total ET
rate121. If we consider an adsorbate with a redox potential of E(S+/S*) the driving force
for electron injection to a k state in the semiconductor from the adsorbate state E that is
above the band edge(ECB) can be expressed as:
∆𝐺(𝐸) = (𝐸𝐶𝐵 + 𝐸) − 𝐸(𝑆 + ⁄𝑆 ∗ )
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1.15

It therefore follows that the total ET rate can be expressed as
𝐾𝐸𝑇 =

2𝜋
ℎ

∞
1
̅ (𝐸)|2 [−6𝑝𝑡] ×
∫−∞ 𝑑𝐸𝜌(𝐸)(1 − 𝑓(𝐸, 𝐸𝐹 ))|𝐻
√4𝜋𝜆𝐾

𝐵𝑇

exp[−

(𝜆+Δ𝐺0 +𝐸)2
4𝜋𝜆𝐾𝐵 𝑇

]

1.16
where : 𝜌(𝐸) is the density of states at energy E relative to the conduction band edge.
H(E) is the mean electronic coupling between the adsorbate excited state and all K states
at the same energy E. 𝜆 is the total reorganization energy. 𝑓(𝐸, 𝐸𝐹 ) is the Fermi
occupancy factor that ensures that only electron injection occurs only to unfilled
electronic states. This factor sometimes is omitted when there is negligible electron
population in the conduction band prior to injection.

B

A

Figure 1.14 (A) Potential energy surface for ET from the adsorbate excited state (S*-CB)
to the semiconductor k states (S+-CB-). (B) Variation of the density of the
semiconductor states with energy. The shaded area comprises the electron accepting
states and is determined by the excited state oxidation potential and the reorganization
energy112.
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In a defect free semiconductor which is considered a simpler case, the density of
states close to the band edge of a simple conduction band can be described by
𝜌0 (𝐸)𝑑𝐸 =

(2𝑚∗ )3/2
2𝜋 2 ℎ3

√𝐸𝑑𝐸

1.17

where, 𝑚∗ is the effective mass of electrons in the conduction band. As displayed in
Figure 1.14, there are significant differences that occur near and below the band edge
between a defective and a defect free semiconductor. If the electric coupling energy is
assumed to be independent of the injection rate KET can be calculated as a function of
(𝐸𝐶𝐵 ) − 𝐸(𝑆 + ⁄𝑆 ∗ )

1.18

The rate of electron injection increases when the excited state oxidation is further
above the semiconductor conduction band edge. The variation is almost exponential near
the band edge which reflects the energy dependent variation in the conduction band
density of states. This is because the ET to each accepting state in the conduction band
has different driving forces and matching molecular Frank Condon overlap factors.
(Figure 1.15) Interference of different reaction pathways as a result of the existence of a
continuum of accepting states presents a significant problem in the intermediate to strong
coupling limit114. The injection rate can also be restricted by the frequency of nuclear
motion along the reaction coordinate. One important application of interfacial electron
transfer is in solar cells.
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Figure 1.15 The calculated density sates are shown as a thin line and the symbols show
the electron transfer rate to a semiconductor as a function of the energy difference
between the excited state oxidation potential and conduction band edge under different
reorganization energies.112
1.4.

Solar Cells

1.4.1. The Need for Solar Energy
The current living standards require energy in a steady and reliable form. Presently,
the predominant energy sources that are in use are fossil fuels and nuclear sources122
which are both hazardous to the environment. Fossil fuels have contributed significantly
to global warming and pollution, while nuclear sources produce radioactive fission
products as waste. Their environmental impact is significant since two thirds of the global
electricity production is from fossil fuels. Furthermore, the energy requirements of the
world are expected to double in the next 50 years.123 Therefore, more fossil fuels will be
consumed which would result in severe environmental consequences. There is therefore
need to find alternative forms of energy that have a tolerable environmental impact.
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The least exploited form of freely available energy is from the sun. The sun’s
energy is about 3×1024 J year-1, which is about two thousand times the current global
consumption.123 Sunlight can be used to generate heat, light and electricity. The main
disadvantage of sunlight is the low power conversion efficiency, variation of its intensity
with respect to season and time of day. However, with all these setbacks the sun can
suffice as the ultimate energy source owing to the fact that if 0.1% of the earth surface
was covered by solar panels with a power conversion efficiency of 10% the current
energy needs would be met.118 Pure organic materials can match this target and are
considered as the most cost effective materials. Natural organic compounds which will be
used in this study are reputed to be ideal since they are green way of making solar
cells.124
Several solar energy conversion strategies that have been investigated over the
years include that of organic solar cells91,125 and silicon based solar cells.118,122,126 The
biggest challenge is that currently, silicon solar cells have the highest solar energy
conversion efficiency of around 24%118 but this has been offset by the high cost of
production. It is important to lower the module cost to make it competitive in the energy
market.

1.4.2. Dye Sensitized Solar Cells
Dye sensitized solar cells (DSSCs) became a focus intense research after it was
reported by Gratzel that their efficiencies were as high as 11%126 In the past two decades
DSSCs have been the main focus of research. However their efficiencies are still quite
low in comparison to the extensively researched p-n junction and silicon solar cells.91,125
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There has been a steady improvement over the years both in performance and in
understanding how DSSCs work91,118,125 Theoretical calculations have predicted
efficiencies of up to 21%.127 This contrasts to the experimental value which for several
systems range between 4% and 6%.128 The experimental efficiencies are accounted for by
several loss mechanisms that act as a hindrance to perform to their theoretical
efficiencies. This research will focus on understanding and modification of charge
transfer which is a principal loss mechanism.128

1.4.3. DSSC Fabrication and Function
The dye sensitized solar cells were made up of a film of white titanium dioxide
nanoparticles on a glass substrate. The nanoparticles were covered with a layer of the
sensitizing natural dye which will be in contact with an electrolyte solution as shown in
Figure 1.16.
Substrate

3

I

-

-

IT
O
Graphite
Tri-Iodide
couple
Curcumin Dye
TiO2

Figure 1.16 Structure of a dye sensitized solar cell
Upon illumination the dye gets excited and negative charge diffuses from the dye
into nanoparticle and the positive charge into the electrolyte resulting in the conversion of
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sunlight into electrical energy. The electrolyte regenerates the dye while the platinized
counter electrode regenerates the electrolyte.129
TiO2|S + hv



TiO2|S*

TiO2|S*  TiO2|S+ + eTiO2|S+ + e-  TiO2|S
TiO2|S++3/2I- TiO2|S + 1/2 I31/2 I3- + e-  3/2 II3- + 2e-  3I-

Figure 1.17 The regeneration of the sensitizing dye by the iodide/tri-iodide redox-active
couple. S* is the photosensitized dye129
DSSCs are inexpensive, easy to produce and can withstand long exposure to light
(up to 1000hrs) and heat compared with traditional silicon-based solar cells. They have
been a strong contender as a potential substitute for conventional silicon cells. However,
they suffer from possible dye agglomeration.130 To overcome these limitations it is
important to couple the dyes with TiO2 semiconductor nanoparticles using a unique
binding group that will ensure monolayer dye coverage and favorably alter the
semiconductor surface energetics.

1.4.4. Parameters that determine solar cell efficiency
1.4.4.1.

Open Circuit Voltage (Voc)

The difference in work functions of the two metal contacts in a metal – insulator metal arrangement determines the open circuit voltage of the device49. In organic cells,
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the open circuit voltage has been experimentally proven to be linearly dependent on the
highest occupied molecular orbital of the donor polymer ( the quasi Fermi level of the ptype semiconductor) and the lowest unoccupied molecular orbital of the acceptor( The
quasi Fermi level of a p-type semiconductor)131,132. To increase the Voc the cathode is
usually modified by the deposition of a thin layer of LiF between the metal electrode and
the organic semiconductor.133 Interfacial effects such as oxide formation affect the work
function and consequently the Voc134,135 In essence Voc is a function of the HOMO and
LUMO of the donor acceptor materials used and the condition of their interfaces.136

1.4.4.2.

Short Circuit Current (Isc)

Isc is determined by the product of the charge carrier mobility and the photoinduced
charge carrier density within the organic semiconductors. It can be expressed in an
equation as:
Isc = neíE

1.19

Where n is the density of charge carriers, e is the elementary charge, í is the mobility, and
E is the electric field. If it assumed that the efficiency of the photo induced charge
generated in a bulk heterojunction mixture is 100%, n will be the number of photons per
unit volume.
Mobility is a device parameter that is dependent on the nanomorphology of the thin
film of the organic semiconductor137-140 Parameters such as solvent type, evaporation rate,
crystallization time, substrate temperature and the deposition method all affect the
nanomorphology141,142. In the case of a bulk heterojunction setting, the interfacial area
between the donor and the acceptor phases is enhanced. The drawback of this is that the
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nanomorphology becomes complicated and difficult to control or optimize137. The
external quantum efficiency can then be calculated from the number of electrons
collected under short circuit conditions divided by the number of incident photons.

1.4.4.3.

Fill Factor (FF)

The fill factor is determined by the number of charge carriers reaching the electrodes
when the built in field is lowered to the open circuit voltage. It is therefore a function of
the charge carrier recombination and transport.
The current problem with DSSCs is their lower efficiencies and lifetimes. There
are several research strategies that are aimed at improving their efficiencies. So, my
research has focused on finding materials with better 2PA cross-sections and also to
understand the fundamentals of interfacial charge-transfer processes to develop better
solar cells.

1.5.

Approach

Referencing from the interfacial charge transfer body of work, we have developed a
novel approach to increase the 2PA absorption of simple organic dyes. The design
involves using the simple organic dyes to functionalize a reactive semiconductor
nanoparticle surface (TiO2) which makes better 2PA materials. Preliminary work on this
project has shown that 2PA cross-sections of organic dyes were enhanced when attached
to the reactive surface of TiO2 nanoparticles. Furthermore, we were able to show the
presence of electric field on the dye-TiO2 interface and local electric field on the dye
sensitized TiO2 nanoparticles. Since the local electric field can contribute to change in
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dipole moment it therefore follows that 2PA cross sections of the attached organic dyes
can be enhanced. This study intends to probe the dynamics of interfacial charge transfer
dynamics of the dye sensitized TiO2 and explicitly show the presence of electric field and
local electric field. The role of interfacial charge transfer can be applied in the designing
of materials with enhanced two photon absorption by appropriately stationing
chromophores on the surface of semiconductor nanoparticles. This approach exploits the
advantages of
a) The possibility of enhancing the two photon cross section of simple organic dyes
b) Attaching hundreds of dye molecules to one nanoparticle which can achieve
larger 2PA per nanoparticle
c) Orientating the dye molecule’s dipole relative to the TiO2 nanoparticle to vary the
two photon absorption cross section
d) Attaching a dye as a probe to small molecules charge transfer (CT) surface
modified TiO2 nanoparticles that vary the local and induced electric field so as to
understand 2PA enhancement.
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Figure 1.18 Small molecules that form CT complexes on the surface of TiO2 with a
probe chromophore attached to one of the small molecules with the dipole oriented
towards the semiconductor nanoparticle
This study will largely focus on probing the interfacial charge transfer, electronic
coupling and the induced local and surface electric fields between the attached dyes and
TiO2 nanoparticles. This will all be geared at enhancing the two photon cross sections of
the simple organic dyes chemisorbed onto the TiO2 semiconductor surface.
1.5.1. 2PA Properties near Semiconductor Nanoparticles
From the theory behind 2PA it can be shown that there is proportionality between
2PA cross section and the imaginary part of third order nonlinear susceptibility143,144. In
the case of a simple two state model based on sum over states formalism145,146 the two
state 2PA cross section (-state) can be expressed as
𝛿−𝑠𝑡𝑎𝑡𝑒 =

2(2𝜋)4 𝑓𝐿4
15(𝑛ℎ𝑐)

2

2

⃗⃗⃗⃗⃗⃗⃗⃗⃗
⃗⃗⃗⃗⃗⃗⃗
(1 + 2𝐶𝑜𝑠 2 𝜃)|𝑀
𝑔𝑒 | |∆𝜇𝑔𝑒 | 𝑔(2𝑣)
2

1.20

Such that ⃗⃗⃗⃗⃗⃗⃗
𝑀𝑔𝑒 is the transition dipole moment vector between the ground state
and the excited state while ⃗⃗⃗⃗⃗⃗⃗⃗⃗
∆𝜇𝑔𝑒 is the difference between the permanent dipole moments
in the ground and excited state and 𝜃 is the angle between these two vectors. 𝑔(2𝑣) is the
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normalized shape function, 𝑛 the refractive index, ℎ plank’s constant and 𝑐 the speed of
light. The optical local field factor 𝑓𝐿 can also be expressed as 𝑓𝐿 = (𝑛2 + 2)/3
From the equation we can see that the 2PA cross section of a chromophore is
proportional to the square of change in dipole moment and the square of change in
permanent dipole moment. The induced dipole moment from the local electric field of the
chromophores attached to the TiO2 contributes to the change in dipole moment. This goes
on to show that any process that increases these two parameters will increase 2PA cross
section. When chromophores are adsorbed onto the surface of the reactive TiO2
nanoparticles, the efficient coupling of the molecular excited state and the continuum of
states in the TiO2 semiconductor makes interfacial electron transfer possible.112,147-163 It
happens both adiabatically and non-adiabatically

152,153,164,165

with mixing of electronic

energy levels of the molecular excited state and the molecular continuum states in the
adiabatic electron transfer. This causes a change in both the absorption energy and most
importantly the dipole moment of the excited state and hence the ⃗⃗⃗⃗⃗⃗⃗⃗⃗
∆𝜇𝑔𝑒 is an essential
parameter in the enhancement of two photon absorption. Furthermore the partial charge
transfer from the adsorbed chromophores into the TiO2 nanoparticle surface generates
interfacial dipoles that result in local electric fields166-170.
The molecule-semiconductor nanoparticle hybrid formed from the resonant states in
the bandgap results in charge transfer as high as 30% at steady conditions without photo
excitation. Since there is a difference between the ionization and electron affinity
potentials it is very plausible that molecules without absorption in the visible range at the
interface would exhibit absorption since a dipole exists in chromophores that interact
with semiconductor nanoparticles. The electric field as expected falls off with distance
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from the interface where it originates. This electric field varies for the chromophore on
the surface in the event of an interfacial electron transfer episode since nuclear
equilibration is much slower than the interfacial electron transfer event. Polar solvents are
very effective at screening electron transfer charges in solution. The screening is however
very efficient when chromophores are stationed on a surface and this results in a local
electric field.171 An additional electric field normal to the surface of the semiconductor
(Ez) can then be induced. An increase in 2PA cross-section of the chromophore would be
a consequence since the induced electric field would increase ⃗⃗⃗⃗⃗⃗⃗⃗⃗
∆𝜇𝑔𝑒 . The local electric
field on the surface of dye sensitized TiO2 nanoparticles can be verified using photoinduced absorption,166,169 nanosecond transient absorption,167,170,172-175and electroabsorption measurements167,168,173-175. To find better 2PA materials as well as tuning these
properties, it is important to understand exactly how these local electric fields influence
2PA.
1.5.2. Local electric fields in the enhancement of 2PA cross-sections
Local electric fields generated at interfaces have been shown by Rebane et. al. to have
a clear influence on 2PA.176-178 The significance of the local electric field in the influence
of 2PA cross-sections of chromophores can be best illustrated using equation 1.21 which
shows that 2PA cross-section () is proportional to |Mge|2 and |Δge|2. These two
parameters can be directly or indirectly influenced by the local electric field. This means
that  can be affected by changes in the local electric field of the chromophore and hence
the charge transfer interactions on the surface of the semiconductor nanoparticle. By and
large the chromophores investigated possess labile  electron systems and a permanent
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dipole moment (ge = g – e ≠ 0). On the application of an electric field, the charge
density of the  system easily redistributes which results in an induced additional
component of the dipole moment (ind). Citing the polarizability coefficient (:ind=E),
it is evident that the induced part of the dipole is related to the electric field. This signifies
that the induced dipole moment change (geind) will contribute to the total change in
dipole moment (ge) where the ground (g) and excited (e) state polarizabilities are
different.
𝑖𝑛𝑑
Δ𝜇𝑔𝑒 = Δμ0𝑔𝑒 + 0.5Δ𝜇𝑔𝑒
= Δμ0𝑔𝑒 + 0.5(Δ𝛼)𝐸

1.21

Where Δμ0𝑔𝑒 is representative of the permanent dipole moment in the zero field
while Δ𝛼 is the difference in polarizability (e - g) between the ground and the excited
state. This relation makes Δ𝜇𝑔𝑒 very responsive to variations in the local electric field (E)
on the surface of the nanoparticles. This goes on to show that the local electric fields do
increase Δ𝜇𝑔𝑒 on the surface of the semiconductor nanoparticles and hence can be used to
make legitimate predictions in the making of materials with good 2PA cross-sections.
Bhawalkar et. al. have shown that the local electric fields can enhance the 2PA crosssections through influencing the Mge and ge179.

1.6.

Outline of the Thesis
A brief outline of the work to be explained in the thesis is as follows. Chapter 2

concisely describes the various spectroscopic tools used to investigate IET and underlines
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the role of the laser in accessing and resolving the ultrafast IET phenomena and other
dynamics that tie into it.
Among the several factors that affect IET efficiency in DSSCs is the performance
of a linker. The linker attaches a dye onto a high band gap semiconductor nanoparticle
and plays a crucial role in IET and semiconductor nanoparticle surface energetics. The
selection of a linker plays a significant role in DSSCs, making the fundamental
understanding of the role linkers in IET under different conditions relevant. Chapter 3
focuses on the charge transfer dynamics in acetylacetonate (acac) sensitized TiO2
nanoparticles in solution and thin film. The dynamics of IET has been carried out on
three acac derivatives-sensitized TiO2 nanoparticles and the important results including
their electronic coupling explained. This work has given insights to the binding mode of
acac and its potential as a linker which when appropriately derivatized can be valuable in
the making of DSSCs.
To advance the use of the acac linking group, in Chapter 4, three natural
curcuminoid dyes were selected that possessed that acac linking group and were
structurally similar with differences in methoxy substituents. These dye pigments were
used as sensitizers for DSSCS and their IET dynamics in solution and thin film studied.
Similar to what was observed in chapter 3, the curcumin dyes IET dynamics are different
in solution and on thin films. The binding mode was responsible since the en-ol binding
mode was dominant in both phases but was bound on T(III) defect states in solution and
Ti(IV) in thin films. Decent efficiencies were obtained from the dyes and they showed a
correlation to the number of methoxy substituents. This signifies the importance of the
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dye’s redox properties relative to the TiO2 conduction band in DSSCs efficiencies. The
results show that natural pigments make good candidates for DSSCs use.
The applications of 2PA are quite lucrative but are faced with the challenge of
making them economically viable and finding better 2PA materials. Chapter 5 presents a
novel strategy in this pursuit. It involves the attaching catecholate molecules on the
surface of TiO2 to enhance their 2PA using surface charge transfer enhancement. Two
coumarin dyes with oppositely oriented dipoles relative to TiO2 were selected to test the
strategy. Both investigated chromophores were designed such that they would have slow
electron injection and measurable 2PA. Enhancements of up to 4 times on the surface of
TiO2 are reported and the mechanism attributed to the CT interaction of the catechol
anchoring group with TiO2.
To further enhance the 2PA, Chapter 6 details the use of more CT interactions on
the surface Riboflavin and Coum-cat dye sensitized TiO2 to amplify the local electric
fields and consequently surface electric field which would further enhance 2PA. Three
small molecules that had different interfacial electronic coupling with TiO2 were used:
catechol, salicylic acid and acac as surface modifiers. The results showed that 2PA crosssection enhancement of chromophores by as much as 30-fold with surface modification
of TiO2 while steady-state absorption, fluorescence and transient absorption
measurements have shown the presence of electric fields on the surface of TiO2. The
summary and future perspective is presented in chapter 7 of this dissertation.
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1.7.


Chapter 1 Summary
The interaction of electromagnetic radiation with molecules anchored on to high
band gap semiconductor nanoparticles leads to interfacial charge transfer which
has fundamental applications in optoelectronic devices especially dye sensitized
solar cells (DSSCs) and the tuning of nonlinear optical phenomena.



A DSSC is a low cost solar cell and an attractive replacement to the conventional
solar cells because of its low cost of materials, transparency, mechanical
robustness, ease of manufacture and can work under low light intensities. DSSC
efficiencies are however still low and some of the more important losses and
remedies will be addressed in this dissertation.



Two photon absorption (2PA) is an important non-linear optical phenomena with
intrinsic properties of greater penetration depth, highly focused light, low
scattering and lower Photo-damage make it attractive in applications optical
limiting, 3D data storage, 3D Micro/nanofabrication, multiphoton microscopy and
imaging and 3D holographic grating.



Several materials have been employed with decent success but there have been
significant obstacles in their progress. Consequently, the current cross sections are
far from adequate. Materials with large TPA cross-sections are therefore needed
to make these applications economically viable



The strategy that is employed in this dissertation in the pursuit of better 2PA
materials is one similar to the sensitization of semiconductor nanoparticles in
DSSCs where catecholate chromophores are stationed on semiconductor
nanoparticle surface to enhance their 2PA cross sections.
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CHAPTER 2

EXPERIMENTAL TECHNIQUES
This chapter presents an overview of the array experimental techniques that have
been used in order to achieve the objectives of the thesis. The techniques employed are
based on two principles, absorption and emission of light by the chemical species being
investigated. In this thesis, the spectroscopic techniques applied to carry out the
investigations were both steady state and time resolved.

2.1. Steady-State Methods

2.1.1. Optical Absorption
Ultraviolet-Visible, (Optical absorption) spectroscopy is a technique commonly
used to probe the ground state of an absorbing molecule. Some of the more useful
information that can be obtained includes: range of absorption, wavelength of maximum
absorption and extinction coefficient of the molecule being investigated. Since UV-Vis
absorption spectroscopy is a method that is dependent on both the electronic structure and
the environment of the absorbing molecule (changes in solvent polarity usually induce a
shift in the molecule’s absorption spectrum), it can be applied in the characterization of
molecules1,2 This spectroscopic method is essential in the case of characterizing the
charge transfer interactions in the ground state in addition to the optical properties of
semiconductor nanoparticles. Absorption measurements were done on a Shimadzu UV2101 PC, Japan UV-Vis double beam spectrophotometer. The absorbance A of an

69

absorbing species at given concentration C that had a molar extinction coefficient 𝜀𝜆 at a
wavelength  can be expressed as:

𝐼

𝐴 = 𝑙𝑜𝑔 [ 𝐼0 ] = 𝜀𝜆 𝐶𝑙

2.1

Such that I and 𝐼0 are the incident and transmitted light intensities respectively while l is
the path length incident light has to pass through in the sample cuvette before it is
transmitted.

2.1.2. One Photon Fluorescence Measurements
Fluorescence is a phenomenon that occurs when a molecule absorbs light of a
particular wavelength in the ground state, goes to its excited state and emits light of a
certain wavelength while returning to its ground state1,2 Since fluorescence combines
both the effects of absorption and emission it is a precise technique in the elucidating the
relationship between the absorbed and the emitted photons within the range of interest.
The method can be widely applied because all atoms and molecules absorb energy which
results in excitation and emission. This however is very specific since transitions to the
excited state occur when the absorbed photon energy matches the energy difference
between the ground and the excited state of the molecule/atom. This energy gap is
usually characteristic of an atom’s electronic configuration or the molecular structure.
Therefore the emitted energy is usually equivalent to the difference to between the two
discrete energy states.
The difference between the maxima of the excitation and emission wavelengths is
the stoke’s shift and is expressed as
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∆𝜈 = [𝜆

1

𝑎𝑏𝑠(𝑚𝑎𝑥)

] − [𝜆

1

𝑒𝑚(𝑚𝑎𝑥)

]

2.2

Such that 𝜆𝑎𝑏𝑠(𝑚𝑎𝑥) and 𝜆𝑒𝑚(𝑚𝑎𝑥) are the maximum absorption and emission wavelength
respectively in cm-1.
Steady-state fluorescence spectroscopy can be applied in the characterization and
identification of chromophores. Fluorescence measurements were recorded on an
Edinburgh Instruments Fluorescence spectrophotometer model FS920 comprising a
Xenon lamp (Xe 900) source, excitation and emission monochromators (M300) to avoid
interference from the excitation and scattered radiation, and detector (S900) which
enabled data acquisition through a photon counting scalar card(PCS900). All
measurements were done using the recommended right angle excitation to fluorescence
geometry.

2.1.3. Fluorescence Quantum Yield
Fluorescence quantum yield is a vital parameter in steady state measurements1. It
is defined as the ratio between the number of fluorescence photons emitted to the total
number of photons absorbed. Conventionally, the quantum yield fluorescence of an
unknown sample is determined with respect to a reference standard whose quantum yield
is known. Using this method the Flourescence quantum yield of an unknown sample
(sample) with respect to the quantum yield of a known reference statndard (reference) can
be concisely expressed as:3
𝐴

𝐹

𝛷𝑠𝑎𝑚𝑝𝑙𝑒 = 𝐹𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 Χ 𝐴𝑠𝑎𝑚𝑝𝑙𝑒 Χ 𝛷𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒
𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒

𝑠𝑎𝑚𝑝𝑙𝑒
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2.3

where, 𝐴𝑠𝑎𝑚𝑝𝑙𝑒 and 𝐴𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 are the absorbance of the sample and reference standard
respectively while 𝐹𝑠𝑎𝑚𝑝𝑙𝑒 and 𝐹𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 are the integrated fluorescence intensities of
the sample and reference standard respectively. It can therefore be expressed as3;

∫𝐽

̅

(𝐽 )

𝑛

2

𝛷𝑠𝑎𝑚𝑝𝑙𝑒 = 𝛷𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 ( 𝐽 𝑠(𝑉)𝑑𝑉) ((𝐽𝑎 )𝑟 ) (𝑛𝑠 )
̅
𝑟(𝑉)𝑑𝑉

𝑎 𝑠

𝑟

2.4

where, ∫ 𝐽𝑠(𝑉)𝑑𝑉̅ and 𝐽𝑟(𝑉)𝑑𝑉̅ are the area under the fluorescence emission curves
for the sample and the reference, (𝐽𝑎 )𝑠 and (𝐽𝑎 )𝑟 are the absorbance of the sample and
reference, while reference 𝑛𝑠 and 𝑛𝑟 are the refractive indices for the sample and
reference respectively. To ensure an accurate fluorescence quantum yield measurement,
dilute samples are usually preferred since they reduce scattering in both absorption and
emission. An absorbance optical density of less than 0.1 for both the sample and
reference is a good indicator of decent dilution. To study nonlinear optical properties of
two-photon absorption (2PA) and to understand fundamental interfacial charge-transfer
processes (ICT), light sources are high intensity are needed. In our work, we have used
ultrafast lasers to achieve them. Before giving the description of the instruments, a brief
introduction to lasers is provided here.

2.2. Lasers

2.2.1. Lasers as a light Source for NLO
The acronym laser stands for Light Amplification by the Stimulated Emission of
Radiation. Not only are lasers intense light sources, they also possess unique optical
properties that make them ideal for studying NLO properties in materials. These unique
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properties were first exploited in 1961 by Franken et. al. which was a year after Maiman
`demonstrated the first laser to attest to the actuality of nonlinear optical phenomena4.
They employed a ruby laser as an intense source to demonstrate second harmonic
generation in a quartz sample. Currently, Lasers are commonly the preferred source for
studying nonlinear optical phenomena owing to among other characteristics, their ability
to concentrate a hefty amount of photons by means of a pulsed operation.

2.2.1.1 Basic Laser Components
A Standard laser is composed of three main components: a gain medium, a pump
source that excites the particles in the gain medium and an optical cavity5.

2.2.1.2. Optical cavity
Two highly reflective mirrors that bounce light back and forth resonantly make
up the optical cavity. The mirrors are conveniently designed and strategically placed such
that they accelerate a resonant optical mode which in due course yields a constructive
laser output. The output coupler: one of the end mirrors is partially reflected such that a
portion of light is transmitted in order to produce the required laser output as shown in
Figure 2.1.

2.2.1.3. Gain medium
The gain medium consists of optically active particles contained by the optical
cavity and it amplifies light through stimulated emission. Consequently, the light that
bounces back and forth in the optical cavity is amplified several times within the gain
medium to yield an intense laser output that is all coherent since phase and direction are
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conserved. A population inversion in the gain medium is desired in order to achieve
directionality, coherence and high intensity.

2.2.1.4. Pump Source
A pumping mechanism is required in order to achieve a population inversion. The
pump source lifts the active particles into the required energy state. High intensity flash
lamps, radio frequency current and a spark are some of the common pumping
mechanisms5.
Energy Input (pumping)
Total
Reflector

Partial
Reflector

Gain Medium

Optical Cavity
Figure 2.1 Basic components of a laser5
2.2.2. Properties of Laser Light

2.2.2.1. Monochromaticity
This attribute refers to a well-defined wavelength on laser radiation. It is defined
as an extremely pure light of a single wavelength that has a very narrow bandwidth in
comparison to conventional light that consists of an array of wavelengths6. This unique
laser characteristic is however not absolute. Lasers in point of fact emit a narrow
bandwidth around a singular, principal wavelength. Monochromaticity is dependent on
the nature of the pump source, gain mechanism and is inversely proportional to the line of
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width. The amplification of the electromagnetic frequency that corresponds to the gap
between the energy levels in the gain medium is the root cause of monochromaticity.
Hence, only when the frequency reaches resonant frequency of the lasing energy levels
does the optical cavity resonate.

2.2.2.2. Coherence
When electromagnetic radiation is in the same phase, it can then qualify as
coherent. It is defined as coherent when the crest and trough of two emitted photons
associated with one photon occur concurrently as on the wave associated with the other
photon6,7 This is shown in Figure 2.2. There are two independent forms of coherence of
light, spatial and temporal coherence. Spatial coherence implies that all individual waves
on the same wave front have the same phase over time while temporal coherence implies
that the difference of electric field values of a wave front do not change with time.

Figure 2.2. Light waves of a collimated beam showing waves that are in phase at every
point (coherent)
2.2.2.3. Directionality
This attribute is a direct result of the fact that only the waves that propagate
parallel to the gain medium are amplified and sustained in it. It is defined as the
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characteristic of laser light that causes it to propagate in a single direction of pure
collimation7. It is the degree in which the beam remains parallel as it propagates. In
contrast to conventional spectroscopy light sources that emit light in all directions, laser
light emits light that exhibits slight divergence with distance.

Laser

B

A

A

B

Figure 2.3. Divergence of a laser shown in the relative bandwidth as it propagates
This comes about due to partial spatial coherence. This is usually measured in
milli-radians and is remediated by approximating the ratio of the beam diameter to the
distance to the laser aperture. Due to this slight divergence that is diffraction limited, it
makes laser collimation significantly important. Collimated laser beams produce a very
efficient power density which when focused correctly can provide a very small spot size
in comparison to conventional light sources.

2.2.2.4. Brightness
For a given source of electromagnetic waves, it is defined as the power emitted
per unit surface area per unit solid angle.7 This is one of the more important features of
laser beams and conventional light sources. A laser beam of modest power amounting to
a few milli-watts will have several orders of magnitude more brightness in comparison to
conventional sources. This can be attributed to the high directionality of the laser beam.
Since the peak intensity that can be produced in the focal lens of a lens, this effect can be
enhanced and can be several fold larger than that of a conventional source, the focused
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laser intensity can reach colossal values, a feature

that can be exploited in many

applications of lasers.

2.2.2.5. Ultra-short pulses
This refers to the short time window from nanoseconds to femtoseconds that is
between two consecutive laser pulses.7 This feature provides a significantly high intensity
and a short laser pulse that is an essential requirement for the study of nonlinear
phenomena. The generation of short laser pulses can be realized through several
techniques that include: Q-switching, gain switching, cavity dumping and mode locking.
Mode locking has been the choice technique in this study for the generation of short
pulses. The theory behind mode locking is discussed below.

2.2.2.6. Mode Locking
This is a technique employed in the generation of ultrafast pulses that have time
windows of nanoseconds to femtoseconds between two consecutive laser pulses7. This
technique works to produce a constant phase correlation between several modes
generated within the resonant cavity. Therefore, the term mode locking is used with
reference to the phase locking. Since the emission from the gain medium spans over a
few wavelengths that are more of a band rather than a line width, several frequencies are
usually generated during the mode-locking process. The degree of locking of dissimilar
longitudinal modes is what controls the pulse duration of the laser. Pulse duration is of
central importance because fast laser pulses of high intensity are essential in the study of
materials for nonlinear optics and probing fundamental interfacial charge transfer
dynamics. A laser qualifies as mode-locked when the longitudinal modes have a distinct
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and a fixed phase relationship. To further expound on this statement, a derived
mathematical expression of the mode-locking will be most appropriate. Consider that all
the oscillating modes of a mode locked laser resonate at equal amplitude within the
optical cavity.7 This would be as shown in Figure 2.4. Mode locking mechanism allows
having a pulse train with peak power several times more significant than the average
power.8

Figure 2.4. A mode locked Laser output signal resulting from the propagation of three
phase dependent longitudinal modes
The electromagnetic field that would be a consequence of 2n+1 equally spaced
modes with the same amplitude 𝐸0 would be expressed as:
𝐸(𝑡) = ∑𝑛𝑞=−𝑛 𝐸𝑞 𝑒 𝑖[(𝜔0 +𝑞∆𝜔)𝑡+𝜑𝑞]

2.5

where, 𝐸𝑞 is the amplitude of the qth mode, 𝜔0 is the central frequency, ∆𝜔 is the
change in frequency between successive modes and 𝜑𝑞 is the phase of the qth mode. This
equation collectively includes the summation of all possible modes involved. However
in the case where the amplitudes are equal (𝐸0 ) and phases are locked such that the phase
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of successive modes remains constant (𝜑𝑞 − 𝜑𝑞−1 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡) the expression reduces
to:
𝐸(𝑡) = 𝐸0 𝑒 𝑖𝜔0 𝑡 ∑𝑛𝑞=−𝑛 𝑒 𝑖𝑞∆𝜔𝑡

2.6

This can also be expressed as:
𝐸(𝑡) = 𝐴(𝑡)𝑒 𝑖𝜔0 𝑡

2.7

𝐴(𝑡) = 𝐸0 ∑𝑛𝑞=−𝑛 𝑒 𝑖𝑞∆𝜔𝑡

2.8

Where A(t) can be expressed as:

Since q varies from –n to n, the summation to the right of the above equation
encompasses a geometrical progression with a ratio equivalent to 𝑒 𝑖𝑞∆𝜔𝑡 . The sum can
therefore be expressed such that the intensity is given as a function of time.

𝐼(𝑡) =∝ [𝐴(𝑡)]2 =

𝑠𝑖𝑛2 [(2𝑛+1)∆𝜔𝑡/2]
𝑠𝑖𝑛2 (∆𝜔𝑡/2)

2.9

It is apparent from the above equation that it corresponds to a periodic function in
which strong peaks appear in an equally spaced manner that are punctuated by very weak
noisy peaks in between as shown in figure 2.4. It is important to note that the time
spacing between the pulses (T) is represented by 2/ and with  as a full width the
generation band, the duration of the pulse t can be extrapolated to 2/(2n+1)=1/.
This implies that as the number of modes increases, so does the amplitude while the pulse
duration decreases. Therefore different types of lasers sources are required depending on
the pulse duration and amplitude required. In the case where the oscillating modes are a
continuum instead of equal amplitude distribution, closely spaced oscillating modes will

79

be most dominant and their amplitude distribution would generally follow a Gaussian
profile. In this case the expression for A(t) to be relevant must be expressed as:
𝐴(𝑡) = ∑𝑛𝑞=−𝑛 𝐸𝑞 𝑒 𝑖𝑞∆𝜔𝑡

2.10

Since the amplitude is varied, the above equation can be better expressed using
integration where the limits to be infinity if the amplitude En is approximately zero in the
limits.
𝐴(𝑡) = ∫ 𝐸𝑞 𝑒 𝑖𝑞∆𝜔𝑡 𝑑𝑞

2.11

The above equation represents an integral of a Fourier transform function. This
denotes that in the time domain, the amplitude of a multi-mode output is set by the
transform of the amplitude distribution of modes in the frequency realm. Case in point,
the mode locking of a continuum of oscillating modes with a Gaussian distribution of
amplitude will result in Gaussian pulses expressed as:

𝐼(𝑡) =∝

[𝐴(𝑡)]2

2𝑡

2

≈ 𝑒𝑥𝑝 [−𝑙𝑛2 (∆𝜏 ) ]
𝑝

2.12

Where the period of the half height of such a pulse is articulated as:

∆𝜏𝑝 =

2𝑙𝑛2
𝜋∆𝜈

=

0.411
Δ𝜈

2.13

The expression for the half height of the pulse is important as it relates ∆𝜏𝑝 to Δ𝜈.
This is because Δ𝜈 can be computed utilizing the spectral formula:
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Δ𝜈 =

Δ𝜆𝑐
𝜆20

2.14

where, 𝜆0 is the wavelength at maximum amplitude, Δ𝜆 is the full width at half maximum
and c the speed of light in nm/second.

2.2.3. Two Photon Excited Fluorescence (TPEF)
One important application of ultra-short laser pulses is in determining the 2PA
cross-sections of materials. For this, two-photon excited fluorescence (TPEF) method
was one of the simplest. The TPEF method was discovered in tandem with 2PA9. First
2PA results were reported through the monitoring of a CaF2:Eu2+ crystal fluorescence as a
function of excitation from a laser source. Throughout this thesis, the TPEF will be used
as a method to determine 2PA cross-sections of organic chromophores. It will consist of
monitoring the fluorescence intensity as a function of incident intensity and is a method
that was discovered by Xu and Webb10. Direct measurement of 2PA cross-section is
challenging owing to the small fraction of photons absorbed during an excitation by
means of two photons. For the method to be successful, the chromophores under
investigation must be highly fluorescent and possess good fluorescence quantum
efficiency. Therefore the TPEF technique is limited to studying only fluorescent
molecules since fluorescence quantum yield is more of an intrinsic property of a
molecule. A schematic representation of the optical set up used in our lab for this purpose
is shown in Figure 2.5.
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Figure 2.5. TPEF set up used in our laboratory,11 Millennia is the solid state pump laser,
ND represents the neural density filter. L1 and L2 are focussing lenses, PMT represents
the photomultiplier tube
A Ti:Sapphire oscillator (Tsunami, Spectra Physics) was used as the source of the
pulsed laser whose main wavelength was 800 nm and had tunable range of 800  10 nm.
A rotating filter of varied light transparency was used as neutral density filter in the
system and it gave the neccesary power dependent fluorescence intensity measurements
by regulating the input intensity. The beam was then focussed on the sample cell which
contains a solution of the molecule under investigation. It is imperative that the beam is
delivered closer to the edge of the sample cell, beside the direction of collection rather
than the midpoint. This ensures that the path length of the flourescence prior to exiting
the cell and getting collected is reduced and self absorption of the fluorescence is
minimized. The resulting TPEF is collected perpendicular with respect to the direction of
the incident beam just like in conventional flourescence measurements to evade noise that
would result from the incident beam. The flourescence is focussed using a lens that
focuses the fluorescence to the entrance of a monochromator.
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TPEF measurements were carried out in an Edinburg F900 spectroflourometer.
Coumarin 485 in methanol was used as a refernce 2PA standard. A known method was
employed to measure 2PA cross-sections of novel dyes and dye/nanoparticle hybrids.10,12
Over the wavelength range of 720 to 900 nm, a concentration of 100 M of the coumarin
485 standard was used and the investigated dye’s 2PA cross-section obtained from
referencing the standard’s well accepted cross-section12. All the investigated
chromophore and chromophore functionalized semiconductor nanoparticles produced a
slope of 2 in the power dependent flourescence measurements which was a clear
indication that they were two photon absorption events. The dye to nanoparticle
concentration was kept constant during the quantum yeild determination and through out
the 2PA cross-section measuerments inorder to avoid ambiguity over nanoparticle surface
coverage. The main benefit of TPEF is that it is relatively easy to perform and compared
to conventional flourescence methods, it is not susceptible to interferences from either
thermal absorption or excited state absorption.

2.3. Time-Resolved Fluorescence Measurements
Time-resolved fluorescence measurements work to elucidate the variation of
fluorescence intensity as a fuction of time after the excited state has been created. It
monitors the changes in the excited state and the mechanisims through which the excited
state relaxes into the ground state. This spectroscopic technique is commonly used in the
investigation of excited state behavior and flourescence dynamics of dyes and their
interaction on interfaces. This dissertation will use time resolved spectroscopic
techniques to study, fluorescence dynamics, excited state absorption, electron and charge
transfer, charge recombination and electron injection processes.
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2.3.1. Time-Correlated Single Photon Counting
Time-correlated single photon counting (TCSPC) is a well established method in
the determination of fluorescent lifetimes or the average time a molecule spends in the
excited state before returning to the ground state for fluorescent organic
chromophores.3,13-15 TCSPC monitors time resolved emission with a time resolution of
200 ps after deconvolution. The technique comprises the excitation of the sample by
pulses from a laser and a detection system that monitors the difference in time between
the excitation pulse and the first photon from the sample arrives the detector. Since it is
essential that the system accurately detects one photon for a large number of excitation
pulses while neglecting other pulses, an extremely low count rate must be established in
order for the system to operate in single photon counting mode.13,14 With these conditions
satisfied, the statistics follows

a poisson distribution and consequently a true time

emission profile is attained as displayed in Figure 2.6.

84

Figure 2.6. The principle of time correlated single photon counting 16
To obtain the actual fluorescence lifetime, the observed emission decay signal has
to be de-convoluted using the instrument response to obtain the actual lifetime. The
instrument response function (IRF) is obtained from measuring scattering which is
usually a turbid solution in the place of a sample. The width of the IRF function is
dependent on both the source of the excitation and the detection system used. During the
laser excitation, the excitation polarizer was kept in a vertical position while the emission
polarizer was kept at a magic angle of 54.70 with respect to the excitation polarizer. This
resulted in the fluorescence collected being free from any anisotropy components and
was an actual representation of the fluorescence intensity decay. Cut off filters were
placed strategically before the focusing lens in order to remove any scattered exciting
light that would enter the monochromator from the sample cell. The acquired emission
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decay curves are fitted to either single or multi-exponential equations depending on
fluorescence decay profile which can be expressed as17,18:
𝐼(𝑡) = ∑𝑛𝑖=1 ∝𝑖 𝑒 −𝑡/𝜏𝑖

2.15

where, ∝𝑖 and 𝜏𝑖 are the pre-exponential factor and emission lifetimes of the ith
component respectively of the sample. The quality of the fit was determined by the
reduced 𝜒 2 which should be close to unity and the random distribution of weighted
residuals.

2.3.2. Fluorescence Upconversion
Fluorescence upconversion is a term used interchangeably with fluorescence sum
frequency generation. It is a technique that is used to study time-resolved polarized
fluorescence at femtosecond timescales19-21. The fluorescence upconversion has been set
up as shown in Figure 2.7 and described extensively elsewhere.22,23 Concisely, frequency
doubled light from a mode locked broad band Ti:Sapphire laser (Tsunami) is used as the
excitation source while the residual is the gate pulse. The sample is contained in a
circular sample cell with an optical path length of 1mm and is rotated on an axis parallel
to the path length by a rotating holder. This is done to prevent photo-bleaching the
sample. After the sample is excited, the resulting fluorescence is upconverted in a
nonlinear crystal of -Barium Borate (BBO) using the gate pulse that has been previously
passed through a variable delay line. This ensures that the fluorescence can be resolved
temporally with a femtosecond timescale resolution. Spectral resolution is then obtained
from the dispersion of the upconverted fluorescence into a monochromator that leads it to
a photomultiplier tube for detection.
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Figure 2.7. Schematic of the fluorescence upconversion set up
The upconverted signal is acquired through the mixing of both the frequencies of
the gate pulse and the fluorescence in the BBO crystal. The time resolution is achieved
through variably delaying the probe pulse with respect to the excitation pulse. A sum
frequency signal is generated during the duration of the gate pulse at the crystal from the
mixed frequencies which is collected and dispersed into a monochromator before
reaching the detection system of a photomultiplier tube. The up-converted signal created
in the BBO crystal has a photon frequency given by:
ωsum = ωlaser + ωfl
This implies that:
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2.16

1
𝜆𝑠𝑢𝑚

=

1
𝜆𝑙𝑎𝑠𝑒𝑟

+

1
𝜆𝑓𝑙

2.17

Where (𝜆𝑠𝑢𝑚 ) is the resulting sum frequency wavelength from the fundamental
wavelength ( 𝜆𝑙𝑎𝑠𝑒𝑟 ) from the laser and fluorescence signal wavelength ( 𝜆𝑓𝑙 ). The
intensity of the sum frequency signal is given by:
∞

𝐼𝑠𝑢𝑚 (𝜏) = ∫−∞ 𝐼𝑓𝑙 (𝑡)𝐼𝑙𝑎𝑠𝑒𝑟 (𝑡 − 𝜏)𝑑𝑡

2.18

with 𝜏 being the time delay between the fluorescence and the gating pulse while t is the
lifetime.

2.3.3. Transient Absorption measurements
Transient absorption spectroscopy, also referred to as pump probe spectroscopy is
a very reliable technique in the study of excited state dynamics of molecules24. In this
thesis it will be used to investigate the phenomenon of both fast and ultrafast interfacial
electron transfer with a significant femtosecond timescale resolution. To achieve this, a
strong single photon pump pulse is employed with the purpose of exciting (pumping) at a
wavelength lower than the absorption maximum of the material. After excitation, the
sample is monitored for changes in absorbance by use of a weak monitoring pulse as a
function of the time delay between the pump pulse and the weak probe. It is important to
note that the monitoring pulse is split into probe and reference pulses. These two pulses
take two different paths such that the probe pulse is spatially overlapped with the pump
pulse while the reference passes through an area of the sample that is unaffected by the
pump pulse as shown in Figure 2.8.
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Figure 2.8. Transient Absorption Spectroscopy Setup
The probe and the reference pulses are made up of a white light continuum that is
generated by a self-phase modulation of an intense laser pulse propagating through a
dense but transparent medium.25, 26 In these experiments it will be evident that a wealth
of information is collected during a transient absorption measurement. This is in the form
of the change in absorbance A as a function of the probe pulse wavelength  and the
time delay t between the probe and the pump pulses which provide a three dimensional
view the spectra A(t ). There are several sources of A that can make the
interpretation of transient absorption spectrum quite challenging. The well known and
most relevant A contributions can be explained by means of the diagram in Figure 2.9
below.
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Figure 2.9. Common transitions that can contribute to change in absorbance in transient
absorption
The first contribution refers to the excited state absorption which is process A on
the in figure 2.9. Suppose the molecule being investigated only absorbs the probe light in
the presence of the pump beam. This would imply that the absorbance would remain zero
in the absence of a pump pulse. This will make it possible for the pump pulse to excite
the molecules from the ground state (S0) to a higher state (S1-Sn) then the molecules in
the excited state can absorb the probe light which is the excited state absorption. This
implies that there will be a decrease in the probe light and an increase in A.
The second contribution refers to the ground state bleach which stems from the
absorption of the probe light by the ground state as shown is process B in Figure 2.9.
Assuming that a certain fraction of molecules absorb the probe light before the pump
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pulse and they are promoted to the excited state, the ground state population will
correspondingly decrease. As a result, on the application of the pump pulse will deplete
the ground state and fewer probe photons will be absorbed resulting in a decrease in A
since it is measured relative to a reference. Finally, the third contribution refers to
stimulated emission which is shown as process C in Figure 2.9. This can be explained by
assuming that the molecule under investigation does not absorb the probe light before the
pump pulse. Molecules in the first excited state interact with the probe light such that the
probe photons are not absorbed but emitted by the molecules in the excited state which is
called stimulated emission. Since the probe pulse intensity is weak the excited state
population is not affected significantly. As a result fewer probe photons will be absorbed
resulting in a decrease in A. The three contributions provide important information
through a three dimensional plot obtained from the change in absorbance A at various
wavelengths as a function of time.

2.4. Photovoltaic Measurements
The sandwich solar cell described in section 1.4.3 was assembled for solar
measurements by placing a graphite coated conducting glass as the counter electrode on
the dye sensitized TiO2 which was the working electrode. The assembly was clipped
together as an open cell for measurements. A redox electrolyte of 0.1 M LiI and 0.05 M I2
in acetonitrile was used. The solar cell current voltage characteristics were measured
using an Agilent 34401A Multi-meter source meter. A continuous solar simulator (16S150 watt solar simulator) with a 150W xenon lamp, PMA2105 and PMA2114 UV
sensors, internal shutter and 1cm horizontal output was used as a light source. It provided
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output that was approximately 20 times the intensity of the sun and accurately simulated
the ultraviolet spectrum of the sun. Photo-electrochemical data was measured using the
150 W xenon light source that was focused to give 1000 W/m2, which was an equivalent
of

1

sun

at

the

surface

of

the

tested

solar

cell.

Green

Mountain

software was used to measure the solar cell parameters: open circuit voltage, short circuit
current, current density, specific shunt resistance, fill factor and the solar cell efficiency.
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2.5. Chapter 2 Summary


The discovery of laser light has enabled the development of cutting edge
instrumentation and allowed the study of ultrafast dynamics that were initially too
fast to be measured electronically.



Ultrafast laser spectroscopy is a product of the discovery of the laser and is a tool
that has been used extensively in this dissertation. It employs ultra-short light
pulses to initiate and record the dynamics of interfacial electron transfer among
other processes



Steady state spectroscopy includes optical absorption and fluorescence
spectroscopies. They both involve a continuous irradiation of the sample with a
beam of light to create a steady concentration of excited states. This can be
applied in identifying species responsible for a particular effect, determining the
energy of a molecule's excited state and studying the interaction between species.



Time resolved spectroscopy is a tool that allows the measurement of temporal
dynamics and kinetics of photo-physical processes. It involves the collection of a
sequence of spectroscopic information as function of time



The two photon absorption (2PA) is measured using a relative technique of two
photon excited fluorescence (TPEF) that requires a fluorescent sample and pulsed
tunable laser to obtain spectral information on a material.
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CHAPTER 3

INTERFACIAL CHARGE TRANSFER DYNAMICS IN
ACETYLACETONATE DERIVATIVES FUNCTIONALIZED TIO2
NANOCOMPOSITES: SOLUTION VS THIN FILM MEASUREMENTS
3.1. Introduction
Interfacial charge-transfer across molecules and semiconductors has been in the
forefront of research for over two decades for both its fundamental importance and
applications. Functionalizing wide band gap semiconductor metal oxides surfaces by the
covalent attachment of organic molecules has found profound applications in solar
energy conversion,1 photocatalysis,2

photography,3 and nanoscale devices.4 Photo-

induced interfacial electron transfer is central in making the arrangement of molecules
and semiconductor nanoparticles relevant to these applications. Understanding the
fundamentals surrounding the efficiency of electron transfer has attracted significant
research mainly due to the development of solar cells that are based on dye sensitized
TiO2 nanoparticles and thin films.5 Their efficiency and long-term stability, which both tie
into the cost effectiveness of these devices is dependent on a multitude of factors.6,7
Among them, the strength and durability of the dye-TiO2 binding is an important one.8 To
ensure that various combinations of semiconductor nanoparticles and molecular
adsorbates are effectively immobilized and foster efficient electron injection in both
aqueous and oxidative conditions, there is need for the development of linkers that can be
derivatized to provide robust binding as well as optimum interfacial charge-transfer
capabilities.
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A variety of linkers to TiO2 (Figure 3.1) have been actively pursued including
carboxylic acids,9-11 alcohols and diols,9,12,13 phosphonates,14,15 silanes,16 catecholate,17
resorcinolate,18 acetylacetonate,19,20 amides,21-23 ethers,12 esters10,23-26 and boronic acids.27
These studies have indeed produced significant improvements and have resulted in more
stable semiconductor sensitized films, higher surface coverage, minimal dye desorption,
very controlled and uniform distribution of the dyes that can generate monolayer
coverage.8

Figure 3.1. A linker anchoring a molecule on to the TiO2 surface
The challenge of selecting suitable functional groups as anchoring groups from
multitude of accessible linkers requires the fundamental understanding of their function
under different conditions. The array of linkers available essentially serves to not only
anchor a sensitizer in place, but also enhance the electron coupling between them and the
semiconductor. The pursuit of molecular adsorbates that encompass the right properties is
challenging. Thus far, the carboxylate group has been the most promising.28 Its success is
owed to its straight forward synthetic routes, high equilibrium binding constants,
saturation surface coverage and most importantly its appropriate ratio of the forward
interfacial electron transfer rates relative to charge recombination rate that serves to
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regenerate the sensitizer to the ground state.28 The undisputable primacy of the
carboxylate group is reflected in the fact that to date, three of the most efficient dye
sensitized solar cells comprise the attachment of the sensitizer to the semiconductor by
the carboxylate anchoring group.29,30 However, this linkage is stable only in most
anhydrous organic solvents and in acidic aqueous solutions. Furthermore, sensitizers that
exploit this linkage to bind to metal oxide surfaces are rapidly detached from the surface
in neutral and basic aqueous solutions.19 The desorption has been attributed to an
unfavorable photolytic equilibrium since the ground state pKa of carboxylates is too low
to guarantee strong binding.17,28
It is therefore an important objective for the subsequent generation of molecular
level devices to design and develop novel surface linkages that are devoid of such
deficiencies to ensure robustness and efficient electron injection in both aqueous and
oxidative conditions.

In this study, we explore the seldom used anchoring group,

acetylacetonate (acac) as a viable candidate for binding sensitizers to the TiO2 surface.
Acac has been previously studied as an effective linker choice.19,20 Its appeal is based on
its stability as a ligand over a wide pH range.31,32 Its β-ketoesters and β-diketones have
been reported to form strong chelate rings with transition metal ions.33 It has also been
shown to forms adducts with Ti(III) compounds.34-37 The underivatized molecule: acac
on its own has a high dielectric constant r  25.7 and a dipole moment   2.78 D and
has a good affinity for the TiO2 surface.38 Also, Acac can be synthetically altered using
CuI coupling reactions to afford an array of scaffolds that are robust under both aqueous
and oxidative conditions, which can attach a variety of derivatives to metal oxide
surfaces. The ability to functionalize acac makes it a good candidate to bind to several
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metal oxide surfaces with potential applications in photo-catalysis, water splitting and
solar cells.20
Quite recently, Benerjee et. al.8 exploited the acac linkage in the attachment of a
Ruthenium dye to TiO2 and reported a stable anchoring of the dye even at significantly
higher pHs in comparison to the conventional carboxylate linkages. Most importantly,
they observed a significantly lower charge recombination with acac as anchoring group,
which is important for solar cell applications.8 Further studies are however necessary to
cement their merit. In addition, it has been shown that effective results can be obtained by
the suitable derivation of anchored dyes, which can overcome the deleterious backward
electron transfer.20,39,40 A derivatized form of acac, 3-acac-pyran-2-one has been
computationally tested and found to be a potential lead chromophore linker to DSSCs
even in aqueous conditions.41 These findings are particularly appropriate to the
development of the acac ligand as an anchoring group because of the wide assortment of
its derivatives available that would be equally convenient for other applications.
Although some experimental and theoretical efforts have focused on using acac as an
anchoring group to TiO2, investigations on the effect of acac on interfacial charge
transfer dynamics are quite limited when compared to the vast literature present on
carboxylate linkers. Most importantly, acac can bind to TiO2 through different
geometries. It can exist both in keto as well as en-ol forms and can bind to both Ti(III) as
well as Ti(IV). It is well known that acac binds to Ti(III) via charge-transfer
complexation. The possible binding moieties between acac and TiO2 are depicted in
Figure 3.2. Since there are several binding geometries, it is important to probe how these
geometries influence the dynamics of electron injection and charge recombination.
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Figure 3.2. The binding modes of acac on the surface of TiO2
In this study, investigations were carried out to understand the interfacial charge
transfer dynamics across molecules possessing acac as a linking group to TiO2
nanoparticles both in solution phase and on thin films. Probed were dynamics of charge
injection and charge recombination processes, the influence of binding geometry on the
overall charge transfer dynamics in order to understand the electronic and structural
properties and provide evidence of the stability of acac-TiO2 linkages in both aqueous and
solid state conditions. The premise was that acac was bound on the surface of TiO2 in
enol mode to Ti(IV) in thin film phase and enol mode to Ti(III) in solution as shown in
Figure 3.2. Since the surface of TiO2 nanoparticles possess Ti(III) defect states, it can
influence both the charge injection and recombination. However, such Ti(III) defect
states are absent in TiO2 thin films as it is sintered at 773 K to remove the defect states.
For this reason, measurements were carried out in both solution and thin film to probe the
effect of geometry on electron injection and charge recombination.
So, the objectives of this study are to understand the charge transfer dynamics in
acac derivative sensitized TiO2 nanoparticles in solution and in film. To accomplish the
objective, measurements were carried on pentane-2,4-dione (acac), 4,4,4-trifluoro-1(naphthalene-e-yl)-butane-1,2-dione

(TFNB),
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1,2-bis(4-methoxyphenyl)propane-1,2-

dione (BMP) and 4,4,4-trifluoreo-1-(thiphen-2-yl)butane-1,3-dione (TFTB) which were
the derivatives that possess acac as an anchoring group that binds to the surface of TiO2.
Molecular structures of the investigated molecules are shown in Figure 3.3. Steady-state
as well as time-resolved fluorescence and transient absorption measurements were carried
out to understand the relationship between the nature of binding and interfacial chargetransfer dynamics. Also, comparative measurements were carried out in solution and thin
films to probe the surface complexation on interfacial charge transfer. An important
finding of this study is that any acac derivative that forms a charge transfer complex
with TiO2 in the aqueous phase and can be a successful ligand on films when derivatized
with a highly conjugated system.

Figure 3.3. Molecular structures of Acac derivatives used in the study
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3.2. Materials and Methods
3.2.1. Materials
1,3-Bis(4-methoxyphenyl)-1,3-propanedione

(BMP), acetyl acetone

(TFTB), 4,4,4-Trifluoro-1-(2-naphthyl)-1,3-butanedione

(TFNB),

(acac),

isopropanol, and

absolute methanol were received from VWR while Titania paste and Indium Tin Oxide
(ITO) covered glass slides were received from nanocs and were used as such. Titanium
(IV) tetraisopropoxide was obtained from Aldrich and was used as such. Nanopure water
has been utilized to carry out all the measurements unless stated otherwise.
3.2.2. Synthesis of TiO 2 Nanoparticles
Following a well well-known procedure,

42,

43

TiO2 nanoparticles were

synthesized by the controlled hydrolysis of titanium (IV) tetraisopropoxide. Concisely, 10
mL of Ti[OCH(CH3)2]4 dissolved in 90 mL of isopropyl alcohol was added drop wise at a
rate of 1 mL min-1 to 900 mL pH 1.5 HNO3 adjusted nanopure water at 275 K with
continuous stirring that persisted for 12 h. A transparent colloid was formed which was
concentrated at 308-313 K with a rotary evaporator. The resulting solid was then dried
under nitrogen to yield a white powder.
3.2.3. Fabrication of TiO2 Films
A well-established procedure for the assembly of TiO2 films was used.44 ITO
glass slides were cut into squares using a diamond cutter, washed and blow dried. Doctor
blading was done on the conducting side of 10 Ω ITO coated glass slides. The films were
allowed to air for 5 minutes after which they were placed in an oven for 45 minutes at
723 K. They were then taken out and allowed to cool down to room temperatures before
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being immersed in the appropriate dye solutions for 30 minutes. They were then taken
out and washed with methanol to remove any unadsorbed dye.
3.3. Methods
3.3.1. Steady-State Measurements
Optical absorption measurements were carried out using a Shimadzu UV 2101 PC
absorption spectrometer. Benesi-Hildebrand analysis was used to determine the
association constants which will be discussed in the main text.
3.3.2. Fluorescence Upconversion
Time-resolved ﬂuorescence and ﬂuorescence anisotropy of molecule-TiO2
nanoparticles were studied using the femtosecond ﬂuorescence upconversion described
elsewhere.45 The upconversion system used in our experiments was obtained from CDP
systems, and the design is similar to what has been published earlier.45 Speciﬁcally, the
system used frequency doubled (400 nm) light from a mode-locked broadband Tisapphire laser (Spectra Physics, Tsunami, 710-920 nm). The sample is continuously
rotated with a rotating cell which is 1 mm thick to avoid the degradation of the sample.
Horizontally polarized ﬂuorescence emitted from the sample was upconverted in a
nonlinear Barium Borate crystal using a pump beam at 800 nm, which ﬁrst passed
through a variable delay line. Instrument response function (IRF) was measured using
Raman scattering from water. Fitting the Gaussian peak from the Raman scattering
yielded a sigma value of ∼130 fs which gave a full width half maximum of ∼250 fs.
Spectral resolution was achieved by using a double monochromator and photomultiplier
tube. The excitation average power varied during experiments but was mostly in the
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range of 21 ± 0.5 mW. Time-resolved ﬂuorescence anisotropy (r(t)) measurements were
carried out with parallel and perpendicular excitations whose polarization was changed
with a berek compensator. Fluorescence anisotropy was calculated from the traces
obtained from the parallel and perpendicular excitation using a method46,47 which is based
on the ratio of difference between parallel and perpendicular polarized emissions over
magic-angle ﬂuorescence.
3.3.3. Transient Absorption
Femtosecond transient absorption investigations were carried out using an
ultrafast pump-probe spectrometer detecting in the visible region located at Argonne
National Laboratory which is exhaustively described elsewhere.48 In brief, 1 mJ, 100 fs
pulses at 800 nm with a repetition rate of 1 KHz were obtained from Nd:YLF (Empower)
pumped Ti:sapphire regenerative ampliﬁer (Spitﬁre, Spectra-Physics) with the input from
Millennia pumped Ti: sapphire oscillator (Spectraphysics, Tsunami). The output of laser
beam was split to generate pump and probe beam pulses with a beam splitter (85% and
15%). The pump beam was produced by an optical parametric amplifier. The pump beam
used in the present investigation, i.e., 420 nm, was obtained from the fourth harmonic of
the idler beam. The probe beam was delayed with a computer-controlled motion
controller and then focused into a 2 mm sapphire plate to generate white light continuum.
The white light was then overlapped with the pump beam in a 2 mm quartz cuvette
containing the sample, and the change in absorbance for the signal was collected by a
CCD detector (Ocean optics). Data acquisition was controlled by the software from
Ultrafast systems inc. Typical power of the probe beam was around 10 µJ/cm2 while the
pump beam was around 1000 µJ/cm2. Magic angle polarization was maintained between
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the pump and probe using a wave plate. The pulse duration was obtained from the nonresonant ﬁtting of the solvent response, which was around 130 fs. The samples were
stirred by a rotating magnetic stirrer and little degradation of the sample was observed
during the experiments. Blank experiments were carried out with bare TiO2
nanoparticles, and water and minimal signal was observed, as they do not possess
absorption at the excitation wavelength of 420 nm.
3.4. Results and Discussion
3.4.1. Optical Absorption Measurements
Electronic absorption of the acac derivatives, TFNB, TFTB and BMP in water, on
the TiO2 surface in solution as well as on thin films are shown in parts A, B and C of
Figure 3.4, respectively. The spectra were normalized to show the differences in the
absorbance features. Note that the absorbance of the derivatives on the surface of TiO2 in
solution showed a shift to longer wavelengths and the color of the solution changed to
light yellow. It is also important to point out that acac by itself formed slightly yellow
complex with TiO2 nanoparticles in solution. In contrast, acac did not form visible
complex with TiO2 in thin film phase. Also, the optical absorption spectra of acac
derivatives on TiO2 nanoparticle thin film are not colorful. For most of the acac
derivatives, the absorption of TiO2 dominated the absorption in thin film suggesting no
complex or weak complex of the molecules with TiO2 in thin films.
Among the different acac derivatives, only TFNB formed a visible complex with
TiO2 both on the surface of TiO2 in solution and on thin film (Figure 3.4A). This is
manifested with a shift of absorption to longer wavelengths, broadening of the absorption
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as well as tailing when compared to TFNB in water. Upon the addition of TiO2
nanoparticles to TFNB in solution, the colorless TFNB turned yellow. The absorbance
spectra of TFNB in the presence of TiO2 nanoparticles was red shifted and had increased
absorbance. (Figure 3.4A) This was a confirmation of the formation of a charge transfer
complex between the TFNB molecules and the TiO2 nanoparticles. A similar shift to
longer wavelengths was observed for other acac derivatives in the presence of TiO2
nanoparticles in solution.
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Figure 3.4. Normalized electronic absorption spectra of (A) TFNB, (B) TFTB and (C)
BMP in water, in TiO2 solution and on TiO2 thin films
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It is observed from Figure 3.4B that the absorption spectrum of TFTB became
broader and shifted to longer wavelengths when bound to TiO2 in solution. This
suggested a strong electronic ground state interaction of the molecule with the TiO2
surface. The absorption spectrum seems to have shifted to shorter wavelengths on the
surface of TiO2 in the thin films. This suggests that there was a weaker complexation and
electronic interaction between TFTB and the TiO2 surface in thin film phase. The shift to
the blue wavelengths is mainly due to TiO2 absorbance which is most prevalent at
wavelengths below 375 nm which is also shown in Figure 3.4B. Similarly, BMP
exhibited a red shift and a broadening of the absorption spectrum similar to TFTB and
TFNB in solution, indicating that all the acetylacetonates formed electronic interactions
with the surface of TiO2. Absorption of BMP on TiO2 showed a slight shift to the longer
wavelengths. This suggested that there is a small level of electronic interaction between
BMP and TiO2 in comparison to TFNB on TiO2 thin films. Furthermore, the vibrational
structure of BMP is still observed while it is still bound on to the TiO2 surface in thin
films confirming the absence of charge-transfer type complexation. A summary of how
the acac derivatives are binding to the surface of TiO2 is provided in Table 3.1.
Table 3.1. Summary of the acetylacetonate derivatives binding to different phases of
TiO2
Sample

On TiO2 Solution

On TiO2 Thin Film

TFNB

CT Complex

Visible Complex

TFTB

CT Complex

No visible Complex

BMP

CT Complex

No visible Complex

ACAC

CT Complex

No visible Complex
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From the absorption spectral analysis, the differences in the complexation of Acac
derivatives with TiO2 can be explained as follows. Acac and its derivatives form a
charge-transfer type complex with TiO2 nanoparticles in solution probably through an enol binding mode to the Ti(III) defect states twhich are a major part in solution. It is
reported in the literature that a charge-transfer type complexation is observed with acac
and Ti(III). However, when the TiO2 nanoparticles are sintered, most of the defect states
vanish and Acac has to form a complex with Ti(IV) sites. This binding is similar to that
of a carboxylate binding to the the Ti(IV) site on the surface of TiO2 without major
electronic changes. Further absorption measurements were carried out to understand the
role of complexation in the electronic interactions of the molecule/TiO2 complexes
3.4.2. Association Constants of Molecule-TiO2 Nanoparticles: Benesi-Hildebrand
Analysis
The association constants of the acetylacetonate derivative molecules-TiO2
complexes were determined from Benesi-Hildebrand plots.49 Benesi-Hildebrand analysis
works with the assumption that there is a 1:1 complexation between the molecules to
surface Ti atoms. Equilibrium in the molecule –TiO2 complexes can be concisely
expressed as,
𝐾𝑎

𝑇𝑖𝑠𝑢𝑟𝑓 + 𝑅𝐻2 → 𝑇𝑖 − 𝑅

3.1

where, 𝑇𝑖𝑠𝑢𝑟𝑓 represents the surface Ti atoms, 𝑅𝐻2 the molecule, 𝑇𝑖 − 𝑅 the charge
transfer complex formed between Ti and molecule and 𝐾𝑎 is the equilibrium constant.
From Equation 3.1, 𝐾𝑎 can be expressed as,
𝐾𝑎 =

[𝑇𝑖−𝑅]
[𝑇𝑖𝑠𝑢𝑟𝑓 ][𝑅𝐻2 ]
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3.2

0
Since 𝑇𝑖𝑠𝑢𝑟𝑓 is directly proportional to TiO2 concentration(𝐶𝑇𝑖𝑂
), 𝐾𝑎 can be rewritten as,
2

𝐾𝑎 =

𝐶𝑇𝑖−𝑅

3.3

0
0
(𝐶𝑇𝑖𝑂
− 𝐶𝑇𝑖−𝑅 )(𝐶𝑅𝐻
−𝐶𝑇𝑖−𝑅 )
2
2

0
0
Where, 𝐶𝑅𝐻
is the initial concentration of the molecule. Assuming 𝐶𝑅𝐻
≫ 𝐶𝑇𝑖−𝑅 ,
2
2

equation 3.3 can be re-expressed as,
0
𝐶𝑇𝑖𝑂
2

𝐴

=

1

1

0
𝐾𝑎 𝜀𝑙 𝐶𝑅𝐻
2

+

1

3.4

𝜀𝑙

where 𝜀, and 𝑙 are the extinction coefficient and the pathlength of the cuvette,
respectively. A plot of
intercept of𝐶 0

1

𝑇𝑖𝑂2 𝜀

1
𝐴

against

1
0
𝐶𝑅𝐻
2

yielded a line with a slope of

1
0
𝐶𝑇𝑖𝑂
𝐾 𝜀
2 𝑎

and an

. Following equation (4) association constants were determined at

different wavelengths and averaged values presented. Benesi-Hildebrand plots for
BMP/TiO2, TFTB/TiO2 and TFNB/TiO2 are displayed in parts A, B and C of Figure 3.5,
respectively. A ratio of intercept to slope provides the required association constant
values which are provided in Table 3.2.
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Figure 3.5. Absorption spectra of the investigated TiO2/molecule systems with an
increase in TiO2 concentration for (A) BMP (B) TFTB and (C) TFNB
Table 3.2 The association constants for different acac derivatives and TiO2 nanoparticles
Molecule

Ka (M-1)

BMP

2.9 ± 0.6 x 104

TFNB

3.9 ± 0.6 x 104

TFTB

2.3± 0.6 x 104

Acac

2.6± 0.8 x 103

Benesi Hildeband plots of the dye on TiO2 in solution showed that TFNB formed
the strongest complexes with TiO2 while acac had a significantly smaller binding
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constant. From the analysis of the plots displayed in Table 3.2, the association constant
for TFNB/TiO2 was significantly higher at 3.9 ± 0.6 x 104 M-1 compared to TFTB/TiO2
and BMP/TiO2 which had a value of 2.3± 0.6 x 104 M-1 and 2.9 ± 0.6 x 104 M-1. Note that
the association constant for acac is smaller than the rest of the association constants. The
differences in association constants shed light some light into the strength of chargetransfer type complex between acac derivative and TiO2.
3.4.3. Femtosecond Fluorescence Upconversion Measurements
As described in the previous section, all the investigated acac derivatives formed
a ground state charge-transfer type complex with TiO2 nanoparticles in solution.
However, they did not exhibit any measurable luminescence. This is probably a
consequence of the efficient charge delocalization from the localized surface complex
into the conduction band of TiO2 or fast non-radiative relaxation. However, even with the
little steady- state emission, it is possible to monitor the emission from the molecule-TiO2
charge-transfer

(CT)

complexes

by

employing

fluorescence

upconversion

measurements.50 All the investigated acac derivatives have shown emission decay traces
from 500 to 650 nm in the presence of TiO2 nanoparticles in solution. The emission
decay dynamics were monitored for all the investigated acac derivatives after excitation
at 400 nm and the emission monitored from 500 to 650 nm. Meticulous blank
experiments were carried out using free TiO2 nanoparticles in water and again using free
molecules in water. It is imperative to note that little ultrafast emission was observed
from these samples. Furthermore, as the measurements on a blank sample (water) did not
give any signal at the measured emission wavelengths, Raman signal interference was
ruled out. This emission from acac derivatives/TiO2 nanoparticles is attributed to the
112

emission arising out of the charge-transfer complex between acac and defect states of
TiO2 and can be termed as interfacial charge-transfer (IFCT) emission. The IFCT
emission decay represents the relaxation of the excited charge-transfer state through
either the delocalization into the conduction band of TiO2 or back recombination to the
ground state. In most cases, it represents the electron delocalization, which represents
electron injection into the conduction band of TiO2.
To obtain the emission decay dynamics, the decay traces (𝐹(𝑡)) were fit using a
three exponential function:
𝐹(𝑡) = 𝑎1 𝑒 −𝑡⁄𝜏1 + 𝑎2 𝑒 −𝑡⁄𝜏2 + 𝑎3 𝑒 −𝑡⁄𝜏3

3.5

Where a1, a2 and a3 are amplitudes and 1, 2 and 3 are the corresponding lifetimes.
Average electron injection (av) time constants were determined using the following
equation:
𝜏av =

∑𝑖 𝑎𝑖 𝜏𝑖
∑𝑖 𝑎𝑖

3.6

The obtained lifetimes and average lifetimes are shown in tables 3.3, 3.4 and 3.5 for
different acac derivatives on the surface of TiO2.
3.4.3.1 Acac on TiO2
Acac, which is colorless, becomes pale yellow in the presence of TiO2
nanoparticles in solution suggesting a charge-transfer type complex between Acac and
TiO2. Ultrafast IFCT emission was observed from the complex and the luminescence
decay kinetics of acac/TiO2 were monitored after excitation at 400 nm at the different
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emission wavelengths of 500, 550 and 580 nm and shown in Figure 3.6A. The emission
decay is mostly dominated by instrument response limited decay. However, a very small
fraction which was longer than the instrument response limited decay was observed and it
increased with the increase of the emission wavelength. This fast decay is attributed to
efficient charge injection into the conduction band of TiO2 but the slow component
suggests that the electron thermalization into TiO2 can also take time with these
complexes. Note that the amplitude of this slightly slower component is less than 1%
indicating that the CT excited state delocalized into the conduction band of TiO2
efficiently. Also, to determine the orientation of the charge transfer emission dipole,
anisotropy decay measurements were carried out. As shown in Figure 3.6B, the initial
acac/TiO2 anisotropy was close to 0.36 at 520 nm, which decreased as the monitoring
wavelength is increased. This also suggests a localized excited to delocalized excited
state. The longer wavelength emission arises from slightly delocalized states. Overall,
Acac on the surface of TiO2 acts as typical charge-transfer system where the electron
delocalization happens very quickly although with little bit slower components. Better
understanding of the charge-transfer dynamics can be obtained with transient absorption
measurements. However, it would be interesting to see how the dynamics varies with
different derivatives.
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Figure 3.6. (A) Fluorescence decay traces at different of acac on the surface of TiO2
nanoparticles monitored at different wavelengths (B) Anisotropy decay traces at different
emission wavelengths for acac/TiO2 (Solid lines in the anisotropy decay traces are shown
as guides to the eye)
3.4.3.2 BMP on TiO2
Similar to Acac, BMP also forms a pale yellow CT complex with TiO2
nanoparticles in solution. Fluorescence upconversion measurements were carried out
after excitation at 400 nm and monitoring emission from 500 to 620 nm and
corresponding decay trances are shown in Figure 3.7A. The emission is again attributed
to IFCT emission from BMP/TiO2 CT complex and the decay signifies electron
delocalization into the conduction band of TiO2 from the localized CT excited state. The
emission decay traces were fitted with a three exponential function, the average emission
lifetimes were obtained as explained above, and corresponding emission lifetimes at
different emission wavelengths are provided in Table 3.4. Note from Figure 3.7A and
Table 3.4 that although majority of the decay is monitored by <100 fs decay, close to 2%
is around 900 fs and greater than 10 ps. This decay is significantly longer than that of
acac/TiO2 itself suggesting that the delocalization takes more time for BMP/TiO2.
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Furthermore, the emission decay becomes slower with increase in emission wavelengths
suggesting that the deeper states take more time to delocalize into the TiO2 conduction
band. The anisotropy decay traces (Figure 3.7B) also show that the emission is first
localized and then delocalizes as time progresses and that higher emission wavelengths
show reduced anisotropy partly due to the delocalization and involvement of delocalized
states. The main outcome of this study was that the electron delocalization is slower for
BMP/TiO2 when compared to that of Acac/TiO2 and femtosecond emission decay traces
provides the information about it.
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Figure 3.7. (A) Fluorescence decay traces of BMP on TiO2 at different emission
wavelengths. (B) Anisotropy decay traces at different emission wavelengths for
BMP/TiO2 (Solid lines in the anisotropy decay traces are shown as guides to the eye)
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Table 3.3. Emission lifetimes for BMP in the presence of TiO2 nanoparticles monitored
at different wavelengths
BMP/TiO2
()
500 nm
520 nm
550 nm
580 nm
600 nm
620 nm

Life Times ()
<100 fs (98.0%), 900 fs (1.5%) and 10 ps (0.5%)
102 fs (97.5%), 630 fs (2.0%) and >5 ps (0.5%)
<100 fs (97.0%), 500 fs (2.5%) and 7 ps (0.5%)
0.12 ps (88.3%), 1.3 ps (9.7%) and 8 ps (2.0%)
0.13ps (76.1%), 0.8 ps (18.4%) and 6.2 ps (5.5
%)
0.10 ps (80.9%), 0.73 ps (15.0%) and 5.7 ps
(4.1%)

Average Lifetime
(av)
0.16 ± 0.05 ps
0.14 ± 0.05 ps
0.15 ± 0.05 ps
0.39 ± 0.06 ps
0.59 ± 0.06 ps
0.42 ± 0.06 ps

3.4.3.3 TFTB on TiO2
Femtosecond luminescence decay measurements were also carried out for
TFTB/TiO2 system as it also forms a ground state charge-transfer type complex. The
emission decay traces at different wavelengths were obtained after excitation at 400 nm
and are shown in Figure 3.8A. Emission decay traces were fitted with a three exponential
function and average lifetimes were determined and are provided in Table 3.5. Here
again, note the domination by <100 fs decay components and the percentage of longer
component has increased to 5% at 500 nm. Also, the amplitude of the slow component
keeps on increasing with an increase in monitoring emission wavelengths indicating that
the delocalization into the conduction band of TiO2 becomes slow. Compared to Acac
and BMP, TFTB forms probably a stronger CT excited state from where the
delocalization into the conduction band of TiO2 becomes slower. The anisotropy decay
traces (Figure 3.8B) at different emission wavelengths all point to a localized chargetransfer excited state with no involvement of delocalized states. This probably indicates
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that the CT excited state for this molecule is probably closer to the conduction band edge
of TiO2.
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Figure 3.8 (A) Fluorescence decay traces of TFTB on TiO2 at different emission
wavelengths. (B) Anisotropy decay traces at different emission wavelengths for
TFTB/TiO2. (The solid line in the anisotropy decay traces is shown as a guide to the eye)

Table 3.4. Fluorescence lifetimes of TFTB on TiO2 nanoparticles monitored at different
emission wavelengths
TFTB/TiO2
()
500 nm
520 nm
550 nm
580 nm
610 nm
630 nm
650 nm

Life times ()
70 fs (95.6%), 0.8 ps (4.1%) and 5 ps (0.3%)
<100 fs (94.5%), 1.01 ps (5.1%) and 5 ps
(0.4%)
<100fs (90.0%) 0.7 ps (8.2%) and 5ps (1.8%)
<100fs (80.4%), 0.7 ps (14.7%) and 7.4 ps
(4.9%)
0.13 ps (60.6%), 0.87 ps (29.0%) and 7.1 ps
(10.3%)
0.16 ps (54.1%), 0.95 ps (34.5%) and 7.5 ps
(11.3%)
0.24 ps (46.3%), 1.2 ps (39.9%) and 8.3 ps
(13.8%)
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Average Lifetimes
(av)
0.12 ± 0.05 ps
0.17 ± 0.05 ps
0.24 ± 0.05 ps
0.55 ± 0.07 ps
1.06 ± 0.08 ps
1.26 ± 0.09 ps
1.74 ± 0.09 ps

3.4.3.4. TFNB on TiO2
From the steady-state absorption analysis, it was shown that TFNB forms a
stronger CT complex with TiO2 than all other investigated acac derivatives. Femtosecond
time-resolved luminescence measurements were carried out for TFNB/TiO2 in solution
after excitation at 400 nm. The emission was monitored from 500 to 650 nm and the
corresponding fitted decay traces are shown in Figure 3.9A. The fitted lifetimes and
average lifetimes are provided in Table 3.6. It is important to see that the emission decay
at 500 nm and average lifetime of TFNB is significantly longer than all other acac
derivatives. Although emission at 500 nm is dominated by a 100 fs decay component,
close to 30% is accompanied by a slower component. Also, the slower components
amplitude increases all the way up to 60% and the average lifetimes increase all the way
to near 5 ps. The results signify that the electron delocalization from TFNB takes much
longer as it forms a stronger CT complex with TiO2.
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Figure 3.9. (A) Fluorescence decay traces of TFTB on TiO2 at different emission
wavelengths. (B) Anisotropy decay traces at different emission wavelengths for
TFNB/TiO2. The solid line in the anisotropy decay traces is shown as a guide to the eye
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The anisotropy decay traces (Figure 3.9B) for TFNB/TiO2 also suggest that the
excitation is mostly a localized one and delocalization into TiO2 takes much longer time.

Table 3.5. Fluorescence lifetimes of TFTB on TiO2 nanoparticles monitored at different
emission wavelengths
TFNB/TiO2
()
500 nm
520 nm
550 nm
580 nm
610 nm
630 nm
650 nm

Life times ()
0.13 ps (70.2%), 0.8 ps (20%) and 10 ps (9.8%)
0.12 ps (74.2%), 1.1 ps (18%) and 13.2 ps
(7.8%)
0.13 ps (59.4%), 1.1 ps (25.2%) and 14.4 ps
(15.4%)
0.16 ps (64.7%), 1.7ps (24%) and 14.0 ps
(11.3%)
0.13ps (58.1%), 1.3ps (25.4%) and 14.4 ps (16.5
%)
0.22 ps (38.4%), 1.3 ps (33.3%) and 14.0 ps
(28.3%)
0.13 ps (51.4%), 1.26 ps (24.6%) and 11.3 ps
(24.0%)

Average Lifetime
(av)
1.2 ± 0.1 ps
1.3 ± 0.1 ps
2.6 ± 0.1 ps
2.7 ± 0.1 ps
2.8 ± 0.2 ps
4.5 ± 0.3 ps
3.1 ± 0.6 ps

3.4.3.5. Comparison of Emission Decay Traces – Electron Delocalization
Since we are following a band of wavelengths where the decays are the signature
of the excited state, we observe that the upconversion data for Acac, TFNB, TFTB, and
BMP show charge transfer complex decays where electron delocalization was faster in
the case of high energy emission wavelengths and slower in low energy emission
wavelengths. Variations in the lifetimes can be attributed to the differences in how the
electron delocalizes into the conduction band of TiO2. The investigated acac derivatives
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have shown different charge delocalization lifetimes. For a comparison, we have plotted
emission decay traces for Acac/TiO2, BMP/TiO2, TFTB/TiO2 and TFNB/TiO2 at
emission wavelengths of 500 nm, 580 nm and shown in parts A and B of Figure 3.10.
They all exhibit a fast decays but they also show a slow component. Comparing the
decays at 500 nm and 580 nm, we can see that in both cases TFNB has a slower decay in
comparison to Acac, TFTB and BMP. This is more pronounced at the lower energy
emission wavelength of 580 nm. From the results, it can be concluded that the
delocalization from Acac happens faster than that of BMP, TFTB and TFNB. This is
attributed to the energetic location of the excited CT complex. For Acac, it is located
higher up in the conduction band of TiO2, which goes down in energy for BMP, much
lower for TFTB and lowest for TFNB. This is correlated with the strength of chargetransfer complex. It would be difficult for the charge to be delocalized into the
conduction band of TiO2 easily in the case of a strong CT complex. The differences
charge-transfer strength and its applicability to electron delocalization can be
mechanistically shown in Scheme 3.1.
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Figure 3.10. Emission decay traces for Acac, TFNB, TFTB, and BMP in the presence of
TiO2 nanoparticles at different emission wavelengths: (A) 500 nm and (B) 580 nm
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Scheme 3.1. Cartoon diagram electron delocalization from the localized charge-transfer
excited state into the conduction band of TiO2 for acac derivatives complex with TiO2
nanoparticles in solution
Since the IFCT emission does not provide complete charge transfer dynamics in
the molecule TiO2 nanoparticles, transient absorption was carried out on both the free
molecules and the dye sensitized nanoparticles to characterize the charge transfer
dynamics.
3.4.4. Transient Absorption Measurements
The studies of excited state dynamics would provide us with the information
about the decay of excited states into the conduction band of TiO2 as well as the charge
recombination dynamics. In the present investigation, measurements were carried out
after excitation at 420 nm and monitoring the transients in the visible region with a time
resolution of 130 fs. The decay traces were monitored up to 300 ps.
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3.4.4.1 Acac on TiO2
Femtosecond luminescence measurements have shown that the dynamics of
electron injection is faster for Acac into TiO2. To further understand the dynamics of
charge injection and charge recombination, transient absorption measurements were
carried out for Acac/TiO2 in solution. Shown in Figure 3.11A are the excited state
absorption (ESA) at different time delays. Note that at a time delay of 150 fs
(immediately after excitation), a peak centered at around 495 nm and a broad absorption
that was greater than 650 nm was observed. The absorption at 500 nm is attributed to the
cation radical of Acac and the broad absorption to the ESA of electrons in the conduction
band of TiO2. The results show that the electron injection is fast followed by multiexponential charge recombination. (Figure 3.11 B)The dynamics of Acac/TiO2 is quite
similar to typical dye molecules with carboxylate as anchoring groups where the electron
injection is fast followed by recombination that generates the ground state of the
molecule.
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Figure 3.11. (A) Excited state absorption of Acac/TiO2 at (150 fs to 26 ps) time delays
(B) Charge recombination trace monitored at 495 nm of Acac/TiO2
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3.4.4.2 BMP on TiO2
The acac derivative that has shown faster electron delocalization other than Acac
is BMP. Transient absorption measurements were carried out to probe the interfacial
electron transfer dynamics of BMP on the surface of TiO2 nanoparticles in solution after
excitation at 420 nm. Note that both BMP and TiO2 do not have absorption at this
wavelength region and the absorption arises entirely due to the charge-transfer complex
between BMP and TiO2. Shown in Figure 3.12 A are the ESA spectra at different time
delays for BMP/TiO2. The ESA immediately after excitation is dominated by bleach
below 450 nm and a broad featureless positive absorption of greater than 520 nm. The
bleach arises due to the disappearance of the charge-transfer complex absorption and the
positive absorption is due to the electrons on TiO2 nanoparticles. It is interesting to note
that there is no spectral signature for the cation radical absorption probably because it
absorbs below 450 nm or has smaller extinction coefficient. As the time delay is
increased, bleach is recovered as well and the decay in the ESA is observed. There is no
appreciable growth in the transients suggesting that the electron injection is complete
within the instrument response. The bleach recovery and ESA decay indicate the charge
recombination. The charge recombination was monitored by fitting the bleach recovery at
460 nm and ESA decay at 560 nm and both follow one another. So, for the case of
BMP/TiO2, electron injection is almost instantaneous and matches closely with what was
observed from transient absorption measurements. However, the charge recombination is
multi-exponential and fast similar to that of several organic dyes-sensitized TiO2
nanoparticles. (Figure 3.12B) Time constants of 2 ps, 20 ps and >200 ps time constants
were determined for charge recombination kinetics.
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Figure 3.12 (A) Excited state absorption of BMP/TiO2 at (150 fs to 900 ps) time delays
(B) Recombination of the charge separated state of BMP/TiO2 monitored at 560 nm and
the simultaneous recovery of the BMP/TiO2 bleach monitored at 460 nm.
3.4.4.3 TFTB on TiO2
Ultrafast luminescence measurements have shown relatively slower electron
delocalization upon the excitation of the charge-transfer state of TFTB/TiO2. To
understand if the observed slow luminescence dynamics was indeed electron injection,
ultrafast transient absorption measurements were carried out for the TFTB/TiO2 system
in solution after excitation at 420 nm. Here again, 420 nm excites only the charge-transfer
complex. Shown in Figure 3.13A are the ESA at different time delays for TFTB/TiO2
nanoparticles in solution. Contrary to what was observed for Acac and BMP on TiO2,
different transients were observed for TFTB/TiO2 CT excitation. ESA at 150 fs
(immediately after excitation) shows a peak around 475 nm and a broadband absorption
greater than 550 nm. However, as the time delay is increases, the peak at 475 nm
disappears and a new transient with a maximum at 590 nm grows. The growth of the
transient is complete by 60 ps and the transient does not decay until 1 ns. The observed
transient spectral features can be explained as follows. The transient at 475 nm is
ascribed to the ESA of the excited charge-transfer state. As the time progresses, this
125

excited charge transfer state delocalizes to give rise to the cation radical of the molecule
and absorption of electrons. The observed transients are consistent with what was
observed in ultrafast luminescence measurements where the electron injection was also
considerably slow for TFTB on TiO2. The growth of transient at 590 nm was fitted with a
growth time constant of 22 ps and a decay which is greater than 1 ns. (Figure 3.13B)
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Figure 3.13 (A) Excited state absorption of TFTB/TiO2 at (150 fs to 900 ps) time delays
(B) Decay of the TFTB/TiO2 localized charge transfer state monitored at 480 nm and the
growth of the subsequent charge separated state monitored at 590 nm.
The results suggest that the electron injection goes through a localized chargetransfer excited state before it gets delocalized into the TiO2 continuum of states.
However, this charge separated state is quite persistent and exhibits a slow recombination
(>1 ns).

3.4.4.4 TFNB on TiO2
Among all acac derivatives studied in this work, TFNB has exhibited the
strongest charge-transfer complex and the slowest charge delocalization which was
observed in femtosecond fluorescence measurements. To understand interfacial charge
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transfer dynamic in TFNB sensitized TiO2 nanoparticles in solution, transient absorption
measurements after excitation at 420 nm were carried out. Even for TFNB, absorption at
420 nm is mainly because of the charge-transfer complex absorption. Figure 3.14A shows
the ESA at different time delays for TFNB sensitized TiO2 nanoparticles in solution. The
ESA immediately after excitation (100 fs) consisted of an absorption centered at around
480 and broad absorption band that was greater than 600 nm. The ESA observed at 480
nm is similar to what was observed for TFTB/TiO2 and was assigned to the ESA of
excited charge transfer state. With increase in time delay, this charge-transfer state decays
to give rise to a broad absorption centered around 580 nm. This ESA centered at 580 nm
is assigned to TFNB cation radical. The kinetic decay traces at 460 nm and the one at 560
nm (Figure 3.14B) shows the decay of the charge transfer state and the concomitant
growth of the charge separated species. The growth of the charge separated species was
fitted with a time constant of 20 ps, which matched the charge delocalization time
constant obtained from ultrafast luminescence measurements. The observed transients
can be explained as follows. Upon excitation of the charge transfer complex, the excited
charge transfer state was localized near the conduction band edge. The charge
delocalization from the excited CT is multi-exponential with a significant slower
component of 20 ps. However, the charge separated species that was formed did not
recombine until 1 ns.
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Figure 3.14 (A) Excited state absorption of TFNB/TiO2 at (100 fs to 900 ps) time delays
(B) Decay of the TFNB/TiO2 localized charge transfer state monitored at 460 nm and the
growth of the subsequent charge transfer state monitored at 560 nm.
3.4.4.5 Transient Absorption Measurements in Thin Films
Acac and its derivatives formed CT complexes with TiO2 nanoparticles in
solution. However, none of the investigated Acac derivatives formed any visible complex
with TiO2 nanoparticles in thin films except for TFNB. So, transient absorption
measurements in thin films were carried out for TFNB/TiO2 after excitation at 420 nm.
Shown in Figure 3.15A is the ESA spectra at different time delays for TFNB/TiO2 in thin
films. The ESA at 200 fs (immediately after excitation) is dominated by a broad
absorption centered at around 580 nm and a bleach below 450 nm. It is interesting to note
that the broad absorption centered at 580 matched well with the charge separated ESA
observed for TFNB/TiO2 nanoparticles in solution. So, the transient that was fully
developed at 100 ps is same as that of the one observed at 200 fs in thin films. This ESA
at 200 fs was assigned to the charge separated state. This charge separated state
recombines multi-exponentially. The kinetics at 590 nm (Figure 3.15B) was fitted to a
three exponential function with time constants of 1.2 ps, 3.5 ps and > 1 ns.
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Figure 3.15 (A) Excited state absorption of TFNB/TiO2 on thin films at (200 fs to 800 ps)
time delays (B) Charge recombination trace monitored at 590 nm of TFNB/TiO2.
So, the observed transient absorption results can be explained as follows. For
TFNB/TiO2 thin film system, the excitation leads to ultrafast electron injection followed
by multi-exponential charge recombination that is quite similar to several organic dyesensitized TiO2 nanoparticle systems. The differences in the transients in solution and
thin film samples can be attributed to the mode of binding. In solution, all acac
derivatives form CT complexes with the surface Ti(III) and the interfacial charge transfer
is dominated by charge delocalization and charge recombination. However, in thin films,
TFNB binds to surface Ti(IV) since there are no Ti(III) defect states and the electron
injection is ultrafast in this case as the energetic position of this complex is above the
conduction band edge leading to ultrafast charge injection. However, the charge
recombination is fast and multi-exponential as in the case of several organic dyessensitized TiO2 nanoparticles. Table 3.6 summarizes the mode of binding and electron
injection and charge recombination time constants as observed in transient absorption
measurements.
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Table 3.6 Summary of the TFNB/TiO2 charge transfer dynamics on thin film and on
TiO2.
TFNB
Solution

Thin Film

Injecting species

En-ol and CT

Enol

tinj

25 ps

<100 fs

tCR

> 1 ns

1.5 ps, 35 ps and > 1 ns

3.4.5. Mechanism of Interfacial Charge-Transfer in Acac Derivatives
Combined steady-state absorption, femtosecond luminescence and transient absorption of
acac derivatives sensitized TiO2 nanoparticles in solution have provided a clearer view of
the interfacial charge-transfer dynamics. The acac derivatives in solution form a CT
complex with surface Ti(III) defect states giving rise to visible absorption (Figure 3.16).

Figure 3.16 Acac/TiO2 binding mode in solution
Excitation of this CT complex of Acac and TiO2 leads to an excited chargetransfer state which is fairly localized on the defect Ti(III) states. However, the charge
separated species are formed only when the charge is delocalized into the continuum of
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states in the conduction band of TiO2. Femtosecond luminescence measurements for all
acac derivatives has shown that charge delocalization time constants which are mostly
dominated by <100 fs with significant contribution of slower relaxation components. For
Acac and BMP, more than 95% is dominated by instrument limited time constant
suggesting that the delocalization into the conduction band of TiO2 is ultrafast for these
systems. The transient absorption measurements for Acac and BMP support this
observation wherein the charge separated species were formed immediately after
excitation followed by multi-exponential charge recombination. However, for TFTB and
TFNB in solution, the CT complex with TiO2 nanoparticles is stronger and the excited
CT state takes time to delocalize into the conduction band of TiO2 where time constants
of up to 15 ps for delocalization are observed. The transient absorption measurements
support this argument wherein separate transient species were observed for the excited
CT state which decays to give rise to a charge separated state. So, overall the interfacial
charge transfer dynamics in Acac derivatives sensitized TiO2 nanoparticles can be
summarized with Figure 3.17. The slow recombination observed in TFTB and TFNB
shown in figure 3.17 is because the charge separated state does not have a direct relation
with the ground state but is related only to the localized state.

131

C.B.

Delocalization
Localization

e-

LUMO

eSlow
Recombination

h

h

+

HOMO
V.B.

Figure 3.17 A depiction of the interfacial charge-transfer dynamics in Acac derivatives
sensitized TiO2 nanoparticles in solution (strong CT complex limit).
Another interesting observation that was made in the present study is that the
interfacial charge transfer dynamics for TFNB/TiO2 is quite different in thin film phases
when compared to solution phase results. As discussed earlier, in solution TFNB forms a
strong CT complex with defect Ti(III) surface states and the charge transfer is dominated
by this state. However, in thin films, there are no defect Ti(III) states and TFNB forms a
complex in en-ol mode with Ti(IV) atoms on the surface of TiO2. (Figure 3.18)
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Figure 3.18 Acac/TiO2 binding mode in thin film
As this complex in thin films is not a charge-transfer type, the excitation goes through the
excited state from where the electron injection into the conduction band of TiO2 takes
place which is shown in Figure 3.19. The charge recombination is also fast in this
scenario as the electron is electrostatically related to the cation radical of the dye
molecule. This scenario was well investigated for several organic dye molecules with
carboxylate as linkers. Overall, the interfacial CT in acac systems is quite similar to that
of carboxylate linkers except the involvement of the CT states in solution.
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Figure 3.19 Mechanism behind the interfacial charge transfer for TFNB/TiO2 in thin
film.
3.5. Conclusion
A detailed study of the interfacial charge transfer between Acac derivatives and TiO2
nanoparticles in solution and thin films is presented. The investigations were centered on
Acac and three other acac derivatives namely; BMP, TFTB and TFNB. Steady-state
measurements have shown that all acac derivatives form CT type complexes with TiO2
nanoparticles in solution. The CT complex was assigned to the enol form of acac binding
to the Ti(III) defect surface states. The strength of CT interaction followed this trend
where TFNB>TFTB>BMP>Acac. Femtosecond luminescence measurements were
monitored for all acac derivatives/TiO2 system and the decay dynamics was mostly
governed by the delocalization of the charge transfer state into the conduction band of
TiO2. For Acac and BMP which form weak CT complexes, the charge delocalization was
dominated by instrument response limited time constants. Transient absorption
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measurements also confirm the ultrafast electron injection followed by multi-exponential
charge recombination for BMP and Acac sensitized TiO2 nanoparticles. On the other
hand, for TFTB and TFNB, significant slower charge delocalization time constants were
observed in ultrafast luminescence measurements. This was confirmed by transient
absorption measurements where a spectral signature for the excited CT state decays to
give rise to a charge separated state. This charge separated state in solution persists for
long time delays as it is related to the cation radical of the molecule in an indirect
pathway similar to that of Ruthenium polypyridyl complex sensitized TiO2.
Interesting differences in interfacial charge-transfer dynamics was observed for
TFNB/TiO2 in solution and thin film phases. The binding in thin films is mostly
dominated by the enol mode binding to Ti(IV), which is not a charge-transfer type
complex but simple chemisorption. Excitation of the dye through this geometry leads to
an excited state which injects electrons very fast into the conduction band of TiO2 and
multi-exponential charge recombination was observed. The results show that the
interfacial charge-transfer with acac type systems in solution can lead to long lived
charge separated states. However, in thin films, the dynamics is similar to that of several
organic dyes-sensitized TiO2 nanoparticles with carboxylate as linkers.
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3.6. Chapter 3 Summary


The objectives of this study were to understand the charge transfer dynamics in
acetylacetonate (acac) sensitized TiO2 nanoparticles in solution and in thin films.
Furthermore we were able to probe the role of various forms of acac on the
dynamics of electron injection and charge recombination.



Interfacial electron transfer across the acac derivatives sensitized show
contrasting behavior in solution and on thin film. This can be attributed to the
nature of the TiO2 surface in different phases



In the solution phase, binding of acac derivatives to TiO2 nanoparticle surface is
through the en-ol form to Ti(III) defect states to form a charge-transfer (CT)
complex. The dynamics is dominated by the excitation of the CT complex
followed by its delocalization into TiO2 that constitutes electron injection and
charge recombination



On thin films, binding of acac derivatives to TiO2 nanoparticle surface is through
the en-ol form to Ti(IV) and no CT complex is formed. The dynamics is similar to
conventional dyes where the dye injects from the excited state of the dye.



The presence of slow electron injection due to the delocalization of localized
charge transfer state, followed by a recombination that was several magnitudes
slower showed that efficient charge transfer does not need to be ultrafast.



From the charge transfer dynamics we have shown that acac as an anchoring
group is a potential candidate as a linker that can be appropriately derivatized and
applied in the making of dye sensitized solar cells
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CHAPTER 4

INTERFACIAL CHARGE TRANSFER DYNAMICS IN CURC SENSITIZED
TIO2 NANOCOMPOSITES: SOLUTION VS THIN FILM
4.1. Introduction
Fundamental understanding of interfacial charge transfer has implications in the
improvement of solar cell efficiencies. Current global energy requirements to support the
current living standards have been rapidly increasing in the last decade and are expected
to double in the next 50 years.1 Presently the predominant energy sources that are in use
are nuclear sources and fossil fuels.2,3 Some consequences of their use apart from the
depletion of the finite fossil fuel resources4,5 are disastrous environmental pollution and
adverse environmental effects that have resulted in climate change and global
warming.4,6-9 There is therefore a constant need to find alternative forms of energy that
have a tolerable environmental impact and are economically credible. Among alternative
energy resources, solar energy conversion holds biggest promise.10-12 There are several
solar energy conversion strategies that are available,12-18 but they are quite expensive12,18.
There is a need to get the module cost to an economically sustainable 0.50 dollar per
KWhr.18 Two things are considered for this purpose. One is the efficiency of the solar
cell and the cost of the materials involved. Thus, there is a need to find materials which
are cost effective and yet show good solar cell efficiency.
Pure organic materials are considered as the best materials that can be cost
effective.19-21 In addition, if one can come up with natural compounds that can work, they
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can be ideal as they are a green way of making solar cells. Among different solar
strategies, dye sensitized solar cells (DSSCs) have become appealing and an inexpensive
strategy in the conversion of solar light into electrical energy since their first prototype in
1991.22 DSSCs convert visible light into electricity through the sensitization of wide
band-gap semiconductors like Titanium dioxide (TiO2) using photosensitive material
(dyes). Incessant efforts have focused on the sensitizer dyes since the dyes play an
integral role in the harvesting of sunlight and transferring solar energy into electric
energy.23,24 Among the various DSSCs available, Ruthenium based DSSCs show the
highest conversion efficiency at 11-12%.25 However, since Ruthenium is a rare metal, the
high cost of Ruthenium26,27 would make the dyes very expensive. As an alternative that
confronts the prohibitive cost, natural dyes like Curc are easy to obtain and are
inexpensive28-30 and work with the better anchoring group of acetylacetonate and possess
a direct charge injection pathway that can increase the solar cell efficiency by decreasing
the energy losses as heat. It has been found that the cost performance of some natural
dyes which is defined by [conversion efficiency]/ [cost of dye] can be as high as 50 times
more than that of DSSCs sensitized by Ruthenium dyes.25 Our research efforts are using
Curc as a sensitized in DSSCs. Curc (C21H20O6), is the core polyphenolic pigment in the
rhizome of the plant turmeric or Curcuma longa L., which belongs to the
zingeberacea family. The yellow pigmented Curcuminoids apart from the principal
ingredient Curc (Curc I) are DemCurc (Curc II) BisCurc (Curc III) and the recently
acknowledged CycloCurc.31 Extensive studies have been carried out on Curc because of
its

outstanding

biomedical

properties.

It

has

exhibited

antioxidant,32-34

chemopreventive,35,36 anti-inflammatory32,37,38 and chemotherapeutic33,34,39 capacities.
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Curc is pharmacologically safe and has been consumed over centuries since even at high
doses of up to 10 g/day does not show signs of toxicity.37,39
Efficient dye sensitizers must have an intense absorption in the visible region,
adsorb strongly to the semiconductor surface, efficiently inject electrons into the
conduction band of the semiconductor and should possess multiple carbonyl or hydroxyl
groups that would be capable of anchoring to the Ti(IV) sites on the TiO2 surface.37 Curc
has a protracted and intense wavelength absorption range in the visible region between
420 and 580 nm.40 This long wavelength absorption can be attributed to the extended
conjugation, terminal phenyl and hydroxyl groups present in all Curcuminoids and the
methoxy group(s)41 present in Curc I and II. Furthermore, its high chemical and thermal
stability, eco-friendliness and cost-effectiveness would make Curc a viable sensitizer for
use in solar cells.42 Despite having all these properties, the use of Curc derived dyes as
sensitizers for dye sensitized solar cells (DSSCs) has not yielded a significant amount of
research attention.28
In this study, we have used Curcumin, (Curc) Demethoxycurcumin, (DemCurc)
and Bisdemethoxycurcumin (BisCurc) for evaluation as potential sensitizers for solar
cells. DemCurc and BisCurc were selected for evaluation, since they are Curcuminoids
that are almost structurally identical to Curc only that they lack one or both methoxygroups on the aromatic rings. (Molecular structures are shown in Figure 4.1) The relative
effectiveness of the three Curcuminoids would provide insight into whether differences in
aromatic group constituents would affect the rate and efficiency of electron injection.
This would provide valuable information on both the use of Curcuminoids and their
synthetic structural homologues involving modification of all the present substituents for
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solar cell application. One of the key aspects in achieving substantial solar conversion
efficiencies in DSSCs is efficient electron injection from the dye to the semiconductor.4345

To probe this phenomenon, investigations were carried out to understand the interfacial

charge transfer dynamics between the three Curcuminoids and TiO2 through the
acetylacetonate anchoring group. Femtosecond fluorescence upconversion and transient
absorption measurements were carried out to probe the dynamics of charge injection and
charge recombination processes.

The objectives of this study are to understand the

charge transfer dynamics in Curc sensitized TiO2 nanoparticles in solution and in film
and to Probe the role of different binding geometries on electron injection and charge
recombination.

Figure 4.1. The structures of the Curcuminoids: (A) BisCurc, (B) DemCurc and (C) Curc
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4.2. Materials and Methods
4.2.1. Materials
Curc((1E,6E)-1,7-bis(4-hydroxy-3-methoxyphenyl)hepta-1,6-diene-3,5-dione),
DemCurc((1E,6E)-1-(4-hydroxy-3-methoxyphenyl)-7-(4-hydroxyphenyl)hepta-1,6diene-3,5-dione), BisCurc((1E,6E)-1,7-bis(4-hydroxyphenyl)hepta-1,6-diene-3,5-dione),
isopropanol and absolute methanol were obtained from VWR. Titania paste and Indium
Tin Oxide (ITO) covered glass slides were obtained from nanocs and were used as such.
Titanium(IV) tetraisopropoxide was obtained from Aldrich and was used as such.
Nanopure water was utilized to carry out all the measurements.
4.2.2. Synthesis of TiO 2 Nanoparticles
Following a well well-known procedure,46,47 TiO2 nanoparticles were synthesized
by the

controlled

hydrolysis

of

titanium(IV)

tetraisopropoxide.

10

mL

of

Ti[OCH(CH3)2]4 dissolved in 90 mL of isopropyl alcohol was added drop wise at a rate
of 1 mL min-1 to 900 mL to pH 1.5 HNO3 adjusted nanopure water at 275 K with
continuous stirring that persisted for 12 h. A transparent colloid was formed which was
concentrated at 308-313 K with a rotary evaporator. The resulting powder was then dried
under nitrogen to yield a white powder.
4.2.3. Thin Film Preparation
TiO2 nano paste from Solaronix inc was used to prepare TiO2 thin films. Doctor
blading method was used to make thin films on an Indium tin oxide (ITO) plate and the
films were annealed at 450oC for 45 minutes.48,49 Annealed films were dipped in a
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solution containing the chromophores for 12 hours. The films were washed with ethanol
and dried under nitrogen. This was to be used as an anode during the DSSC construction.
4.2.4. Fabrication of the DSSC
Following a well-recognized procedure,49 Using a graphite pencil the ITO side of
the glass slide was covered in graphite. The carbon coated side of the cathode was then
placed on top of the dye coated side of the anode. To ensure that we had space for the
terminals the electrodes were offset in a way such that they fully line up horizontally but
extended beyond each other's vertical ends. The offset glass plates were then secured
your with binder clips on the two horizontal sides that line up completely.

Substrate
ITO
Graphite
3I
-

-

I

3

Tri-Iodidie
couple
Curcumin
TiO2

Figure 4.2 The fabricated dye sensitized solar cell with glass slides offset in order to
provide an allowance for the terminal contacts
The offset as shown in figure 4.2, allowed the use of alligator clipped wires to clip
into each of the electrodes, which enabled us to assemble a circuit. The electrolyte liquid
was applied along an offset edge in between the two glass plates while opening and
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closing the binder clips in an alternating fashion so as it would be sucked up into the cell
and be distributed evenly between the electrodes.
4.2.5. DSSC Efficiency Measurements
In order to understand changes in efficiency of the Curcuminoid fabricated solar
cells, we compared individual efficiencies using a solar cell simulator in Dr. Clement
Burns’ lab (Physics Department, Western Michigan University). The solar cell
efficiencies were measured under standard test conditions (STC); Temperature 25°C,
Irradiance 1000 W/m² (1 Sun), Air mass 1.5 (AM1.5) spectrum.50 We separately tested
the three Curcuminoids as sensitizers in the DSSCs and compared them to well-known
N3 and the N719 dyes which were fabricated and tested under the same conditions. The
intensity of the incident light was set at 100 mW cm-2, and the instrument was equipped
with a 300 W solar simulator (Solar Light Co., Inc., USA) that served as the light source.
A power meter and a calibration cell determined the photon flux. The solar cell
efficiencies from these investigations are not absolute as the fabrication conditions are
not ideal. We obtained low fill factors even for the standard. However, as all the solar cell
efficiencies are measured under identical conditions, a good comparison may be made
between the efficiencies of different dye molecules and a trend obtained.
4.3. Results and Discussion
4.3.1. Optical Absorption Measurements
Since the central objective in this study is to understand the electronic interactions
between the Curcuminoids and TiO2 nanoparticles, it is essential to use optical absorption
and fluorescence spectroscopy to monitor the electronic interactions. Shown in parts A, B
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and C of Figure 4.3 are the normalized optical absorption spectra of BisCurc, DemCurc
and Curc in methanol and on the surface of TiO2 nanoparticles.
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Figure 4.3 Absorption spectra of the Curcuminoids: (A) BisCurc, (B) DemCurc and (C)
Curc both in Methanol and on the surface of TiO2
Curc in methanol (Figure 4.3A) has an absorption maximum at 420 nm that is
broad and shifted to longer wavelengths of 445 nm on the surface of TiO2 nanoparticles
in solution. On the other hand, the absorption of Curc became broad and its maximum
almost remained same on the surface of TiO2 in thin films. The results indicate that Curc
forms different complexes on the surface of TiO2 nanoparticles in solution when
compared to TiO2 thin film. On the other hand, absorption maximum of DemCurc has
shifted from 420 nm in solution to 452 nm on the surface of TiO2 nanoparticles in
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solution. (Figure 4.3B) Also, the absorption spectrum of DemCurc became broad as well.
Similarly, the absorption of DemCurc has shifted from 417 nm in solution to 450 nm on
the surface of TiO2 nanoparticles in solution. (Figure 4.3C) The shift in absorption to
longer wavelengths as well as broadening of absorption is fairly consistent for all
curcumin derivatives when they are attached to TiO2 nanoparticles in solution. The effect
of pH can be ruled out, as the absorption observed on the surface of TiO2 did not match
with any other form of curcumin at any pH. The results indicate the investigated
curcumin derivatives form a charge-transfer (CT) complex with TiO2 nanoparticles in
solution. The results are similar to what was observed for other acac derivatives discussed
previously (Chapter 3) where the acac derivatives in solution formed a CT complex with
a Ti(III) defect state in solution. The differences in the absorption spectrum for Curc on
TiO2 thin film suggest that the complexation is different from that of solution phase
measurements. Further absorption measurements on curcumin derivatives were carried
out to understand the association constants with TiO2 nanoparticles in solution.
4.3.2. Association Constants
The association constants of the Curcuminoid molecules with TiO2 were
determined from Benesi-Hildebrand plots.51 Benesi-Hildebrand analysis works with the
assumption that there is a 1:1 complex formed between the molecules to surface Ti atoms
to determine the equilibrium association constants for the molecules –TiO2 complexes.
Benesi-Hildebrand plots for DemCurc, Curc and Bisdemethoxy Curc are displayed in
Figures 4.4A, 4.4B and 4.4C, respectively. From the analysis, the association constant for
TiO2/Curc was determined to be 8.270 x 103 M-1, TiO2/DemCurc had a significant value
of 4.723 x 104 M-1 while TiO2/BisCurc had a value of 5.856 x 104. (Table 4.1) Of all the
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Curcumin derivatives, BisCurc formed a stronger CT complex followed by DemCurc and
Curc and this is based on the analysis of association constants with TiO2 nanoparticles in
solution. The differences in association constants are attributed to the effect of
substituents on the aromatic ring that alters their polarizabilities and redox properties.
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Figure 4.4. Optical absorption spectra of TiO2 nanoparticles with increasing
concentration of (A) Curc (B) Demurc and (C) BisCurc

Table 4.1. Association constants of the Curcuminoids
[Dye-TiO2] Complex

Association Constant (M-1)

Curc

8.270 x 103

Demethoxy Curc

4.723 x 104

Bisdemethoxy Curc

5.856 x 104
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As the investigated curcumin and curcumin derivatives form good complexes with TiO2
nanoparticles in solution, it is necessary to understand the dynamics of interfacial chargetransfer processes in these systems and to find out if these systems can be useful in dye
sensitized solar cell applications.
4.3.3. Steady-state fluorescence measurements
To probe the effect of CT interactions between the curcumin derivatives and TiO2
nanoparticles observed on their fluorescence properties, steady-state fluorescence
measurements were carried out on all the curcumin derivatives with and without TiO2
nanoparticles. Shown in parts A, B and C of Figure 4.5 are the fluorescence spectra of
Curc, DemCurc and BisCurc with and without TiO2 nanoparticles respectively. Also, the
normalized fluorescence spectra are shown for each system to see if the fluorescence
spectrum is altered when they are bound to the surface of TiO2 nanoparticle. As observed
from Figure 4.5A, the fluorescence of Curc is quenched by more than 15 times when it is
bound to the surface of TiO2 nanoparticles in solution. The normalized fluorescence
spectrum shows that there is a slight red shift for Curc on the surface of TiO2 indicating
an electronic perturbation of the excited state while the emission probably can be
assigned to the emission arising out of the charge-transfer state. Similarly in the case of
DemCurc, the fluorescence was quenched by more than 25 times again pointing to
efficient electron injection. However, the fluorescence of DemCurc has shifted from 520
nm in solution to 550 nm on the surface of TiO2 nanoparticles. (Figure 4.5B) This results
suggest that the emission for DemCurc on TiO2 is arising out of the CT state. More than
50 times electron injection was observed in the case of BisCurc on the surface of TiO2
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(Figure 4.5C). Also, the normalized fluorescence spectra shows that the emission
spectrum on the surface of TiO2 has shifted from 517 nm in solution to 549 nm on the
surface of TiO2 nanoparticles suggesting that the emission is indeed CT emission.
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Figure 4.5 Fluorescence spectra of investigated curcumin derivatives in water and on the
surface of TiO2 for (A) BisCurc, (B) DemCurc and (C) Curc
Steady-state fluorescence measurements have clearly confirmed that all the
curcumin derivatives interact strongly with the surface of TiO2 and efficient electron
injection is realized. Also, the differences in fluorescence maxima suggest that the
emission is arising out of the CT state.
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4.3.4. Solar Cell Efficiencies
The investigated curcumin derivatives have shown to form good complexes with
TiO2 nanoparticles in solution and equally good staining on the thin films. As the main
objective of this study is to use the curcumin derivatives for solar cell applications, dye
solar cells were made with these systems. Photovoltaic tests of DSSCs using these
Curcuminoid dyes as sensitizers were performed by measuring the current–voltage (I–V)
curves under irradiation using white light (100 mW cm−2) from a 300 W solar simulator.
The performance of natural dyes as sensitizers in DSSCs was evaluated by short circuit
current (Jsc), open circuit voltage (Voc), fill factor (FF), and energy conversion
efficiency (η). This was then compared to the N3 and N719 dyes using the same
parameters under similar conditions. The solar cells made with the curcumin derivatives
or that of N3 and N719 dyes are not perfect. We measured the solar cell parameters of
cells with curcumin derivatives as sensitizers and compared with that of N3 and N719
dyes. Keeping the solar cell efficiency of N719 at 7.7%, the solar cell efficiencies of the
curcumin derivatives were calculated. Table 4.2 shows the solar cell parameters obtained
from the testing.
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Table 4.2. Parameters measured on the dye sensitized solar cells and their respective
solar cell efficiencies

Dyes
Bismethoxy
Curc
Demethoxy
Curc

Voltage
V0c
(mV)

Current Area
[I] (A) (cm2 )

Fill
Factor
[ff]
0.30

Current
Density
[J]
(A/cm2)

Power
Density
[Pill]
(W/cm2)

Efficiency
[]

5.8E-06

1.00E-04

2.5%

2.2E-06

1.00E-04

1.1%

94.5

135

2.19

16.7

307

2.3

Curc

18.1

61

1.91

0.30

5.8E-07

1.00E-04

0.28%

N3

272

54.4

2.21

0.32

6.7E-06

1.00E-04

6.70%

N719

260

72.8

2.45

0.36

7.7E-06

1.00E-04

7.70%

0.30

Standardized testing of DSSCs allows for the accurate comparison of new devices
manufactured at different laboratories with different technologies. The conventional
standards for cell testing are an Air mass 1.5 spectrum, 1 kW/m2, one-sun of illumination,
a cell temperature of 25 °C and a four point probe to remove the effect of cell contact
resistance.50 The construction of a system that simultaneously passes all the above criteria
is challenging and quite costly. Most research laboratories have simple custom built
testers that can only roughly approximate standard conditions. Every so often research
institutions will send devices with promising efficiencies to be certified testing
laboratories for confirmation.50 Efficiencies reported from these centers can therefore be
reported as the confirmed efficiencies together with the test center name and the testing
date. The results of the fabricated solar cells shown in Figure 4.6 are therefore “in house”
and have yet to be verified by a testing center. The parameters that influence the solar cell
efficiencies for both the standards and the Curcuminoids are provided in Table 4.2.
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Figure 4.6. The solar cell efficiencies of the Curcuminoids sensitizers in comparison to
the N3 and N719 dyes
BisCurc and DemCurc were found to have very good efficiencies in comparison
to N719 and N3 dyes which are considered to be good sensitizers for DSSCs.24,52 BisCurc
and DemCurc had efficiencies of 2.5% and 1.1% while that of Curc was determined to be
0.28%. A solar cell efficiency of 0.31%53 and 0.36%54 has been previously determined
for Curc. So, our results matched literature reports. It is interesting to note that the trend
of solar cell efficiencies goes as BisCurc>DemCurc>Curc. Interfacial charge-transfer
processes can shed light into the dynamics of charge transfer in these systems which in
turn can explain the trends observed in solar cell efficiencies.
4.3.5. Femtosecond Fluorescence Upconversion Measurements
Steady-state fluorescence measurements on Curc in methanol and on the surface
of TiO2 nanoparticles have shown that the fluorescence from Curcumin is quenched by
more than 10 times suggesting efficient electron injection. Much greater decrease in
fluorescence quantum yields was observed for other curcumin derivatives on the surface
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of TiO2 indicating efficient electron injection. To understand the dynamics of electron
injection, femtosecond fluorescence lifetime measurements were carried out on free dyes
and dyes on TiO2 nanoparticle surface.
4.3.5.1. Curc/TiO2
Shown in Figure 4.7A is the fluorescence decay trace of Curc in methanol at an
emission wavelength of 520 nm after excitation at 400 nm. Also shown in the inset is its
anisotropy decay. It can be observed that the fluorescence decay of Curc in methanol is
fairly fast and can be fitted to a three exponential function with lifetimes of 2.1 ps, 14.5
ps and 175 ps. The first component is wavelength dependent and is assigned to solvation
time constant while that of 14.5 ps arises from cis-trans isomerization and 175 ps is the
singlet state lifetime. Fluorescence anisotropy measurements show that the anisotropy
decayed with a time constant of 240 ps that can be attributed to the rotational relaxation
time constants. Similar fluorescence lifetimes were observed for Curc in solution and it
was found to be solvent dependent as well. However, interesting results are obtained on
the surface of TiO2 nanoparticles. Figure 4.7B shows the luminescence decay trace of
curcumin in methanol at 520 nm when compared with curc on TiO2 at different emission
wavelengths. Note the ultrafast fluorescence decay of Curcumin on the surface of TiO2
when compared to Curcumin in methanol. The kinetics of curcumin on TiO2 was fit with
100 fs (96.9%) and 1.3 ps (3.1%) with an average electron injection time of 0.14 ps. The
slow component is probably due to the charge delocalization from the excited singlet
state. The emission decay for Curc/TiO2 is fast and independent of monitoring
wavelength. (Table 4.3) Fluorescence anisotropy was monitored so as to follow the
orientation of the emission dipole. It can be observed that this emission anisotropy
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decreases with increase of the emission wavelength suggesting that the lower energy
emission is partially delocalized. (Figure 4.7C)
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Figure 4.7. Fluorescence upconversion decay traces for (A) Curc in methanol at an
emission wavelength of 520 nm. Also, shown in the inserts is the anisotropy decay. (B)
Comparison of fluorescence kinetic decay traces of Curc in methanol with Curc/TiO2 at
different emission wavelengths. (C) Anisotropy at short time scales for Curc/TiO2 at
different emission wavelengths (The solid lines are guides to the eye)
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Table 4.3. Fluorescence lifetimes of Curc on the surface of TiO2
Curc/MeOH ()

Life Times ()

520 nm

2.1 ps (10.1%), 14.5 ps (68.0 %) and 175 ps (21.9%)

Curc/TiO2 ()
500 nm

Life Times ()
0.1 ps (96.9%) and 1.3 ps (3.1%)

Average Lifetime (av)
0.14 ps

550 nm

0.1 ps (96.8%) and 1.3 ps (3.2%)

0.14 ps

580 nm

0.1 ps (96.9%) and 1.5 ps (3.1 %)

0.14 ps

610 nm

0.1 ps (96.3%) and 0.9 ps (3.7 %)

0.15 ps

4.3.5.2. DemCurc/TiO2
The fluorescence of DemCurc was also quenched by more than 100 times in
presence of TiO2 nanoparticles in solution and fluorescence upconversion measurements
were carried out to monitor the excited state lifetimes and determine the rates of electron
injection after excitation at 400 nm. Shown in 4.8A are the fluorescence kinetic decay
traces of DemCurc in methanol at different emission wavelengths of 480, 500 and 520
nm. All the decay traces are fitted with a three exponential function with lifetimes of 2.0
ps, 10 ps and >100 ps. (Table 4.4) The amplitude of 2.0 ps is wavelength dependent as it
arises from solvation of the excited state. The 10 ps is attributed to cis-trans isomerization
and > 100 ps lifetime is assigned to the singlet state relaxation. The observed
fluorescence decays for the free dyes are more or less similar to that of curcumin in
methanol. However, on the surface of TiO2, fluorescence decay became faster for
DemCurc. (Figure 4.8C) Figure 4.8B shows fluorescence decay traces for DemCurc/TiO2
at different emission wavelengths. The fluorescence decay traces are fitted with a multiexponential function with 100 fs, 0.7 ps and > 10 ps components with an average
relaxation time of 0.7 ps. (Table 4.4) All the kinetic decay traces are wavelength
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independent and are assigned to the relaxation of charge-transfer state of DemCurc that
delocalizes the electron into the conduction band of the TiO2. It is interesting to note
here that the electron injection or charge-transfer state delocalization is slower for
DemCurc when compared to Curc. The results indicate slower electron injection for
DemCurc over Curc.
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Figure 4.8. Fluorescence kinetic decay traces for (A) DemCurc in methanol at different
emission wavelengths. (B) DemCurc/TiO2 at different emission wavelengths and (C)
comparison of the fluorescence kinetic decays of DemCurc in methanol and on TiO2 at
520 nm
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Table 4.4. Fluorescence lifetimes of DemCurc in methanol and on the surface of TiO2
DemCurc/MeOH
()
480 nm

1.9 ps (38.9%), 10.5 ps (58.6 %) and 180 ps (2.5%)

500 nm

1.8 ps (12.1%), 10.2 ps (74.6%) and 95 ps (13.3%)

520 nm

Life Times ()

480 nm

2.0 ps (-4.1%), 13.5 ps (73.2%) and 120 ps (22.7%)
Average Lifetime
Life Times ()
(av)
0.1 ps (90.8%), 0.69 ps (5.9 %) and 16.8 ps (3.3%)
0.7 ps

500 nm

0.1 ps (87.1%), 0.7 ps (8.6 %) and 13.0 ps (4.4%)

0.7 ps

520 nm

0.1 ps (90.7%), 0.7 ps (6.1 %) and 15.8 ps (3.3%)

0.7 ps

DemCurc/TiO2 ()

4.3.5.3. BisCurc/TiO2
Similar to DemCurc, the fluorescence of BisCurc was also quenched in the
presence of TiO2 nanoparticles in solution. Femtosecond fluorescence measurements are
carried out on BisCurc in solution and on the surface of TiO2 to monitor the dynamics of
excited charge-transfer state relaxation or electron injection. Figure 4.9A shows the
fluorescence decay traces of BisCurc in methanol at different emission wavelengths of
480, 500 and 520 nm. Here again the fluorescence relaxation is similar to that of Curc
and DemCurc where solvation dominates early and the other two components are
assigned to cis-trans isomerization and singlet state decay. (Table 4.5) As observed
earlier, fluorescence decay of BisCurc also became ultrafast in the presence of TiO2
nanoparticles suggesting ultrafast electron injection. (Figure 4.9C) The fluorescence
kinetic decay traces of BisCurc/TiO2 at 500 and 520 nm are shown in Figure 4.9B. Here
again, the decay is fitted with time constants of 100 fs, 0.7 ps and 20 ps with an average
lifetime that is wavelength dependent at 0.9 ps and 1.3 ps. (Table 4.5) One important
difference is that the charge-transfer emission decay for BisCurc is longer than that of
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DemCurc which is in turn longer than Curc. The results suggest that the electron injection
is slower for BisCurc which might have implications on solar cell efficiencies.
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Figure 4.9. Fluorescence kinetic decay traces for (A) BisCurc in methanol at different
emission wavelengths. (B) BisCurc/TiO2 at different emission wavelengths and (C)
comparison of the fluorescence kinetic decays of BisCurc in methanol and on TiO2 at 520
nm
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Table 4.5. Fluorescence lifetimes of BisCurc in methanol and on the surface of TiO2
BisCurc/MeOH
()
480 nm

2.0 ps (28.9%), 14.0 ps (55.3 %) and 410 ps (15.8%)

500 nm

2.1 ps (8.6%), 14.5 ps (52.6%) and 450 ps (38.8%)

520 nm

15.2 ps (27.5%) and 570 ps (72.5%)

Life Times ()

BisCurc/TiO2 ()

Life Times ()

500 nm

0.1 ps (88.4%), 0.7 ps (7.6%) and 20.5 ps (4.0%)

Average Lifetime
(av)
0.9 ps

520 nm

0.1 ps (86.3%), 0.7 ps (7.9 %) and 21.8 ps (5.8%)

1.3 ps

Overall, fluorescence decay measurements have shown that the excited state
decays faster on the surface of TiO2 for all curcumin derivatives and the trend shows that
rate of decay is faster for Curc followed by DemCurc and BisCurc. To understand the
origin of the faster fluorescence decays for the curcumin derivatives can be traced back to
their absorption properties. From optical absorption measurements, we have shown that
all curcumin derivatives form a ground state charge-transfer complex with the surface of
TiO2 nanoparticles via binding with Ti(III) defect sites. If there is a ground state CT
complex, then the electron injection has to be instantaneous. But, our results have shown
that from fluorescence anisotropy decays that the excited charge-transfer state of
curcumin derivatives is fairly localized. So, photoexcitation takes the charge-transfer
state to a localized CT state from where the delocalization of electrons into the
conduction band of TiO2 happens. So, the observed luminescence decay trends can be
attributed to the electron delocalization or in turn to electron injection from the dye to
TiO2. Note that in previous section, the solar cell efficiencies followed the trend wherein
the efficiency of BisCurc was greater than that of DemCurc which was greater than that
of Curc. This is quite surprising that the slower charge delocalization lead to higher
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efficiencies. To further probe the dynamics of ICT in these systems and find the reason
behind the discrepancies in solar cell efficiencies, femtosecond transient absorption
measurements were carried out.
4.3.6. Excited State Absorption Measurements
Transient absorption measurements can monitor the excited charge-transfer state
as well as the cation radical or electron in the conduction band and also follow both
electron injection and charge recombination dynamics. Due to issues with regards to
scheduling, we were unable to carry out transient absorption measurements for DemCurc
and BisCurc systems. However, transient absorption measurements are carried out on
curcumin that can shed light into the ICT dynamics in solution and thin film phases.
4.3.6.1. Curc in Water
Shown in Figure 4.10A are the excited state absorption (ESA) spectra at different
time delays for Curc in water after excitation at 420 nm. A representative figure for
change in absorbance versus wavelength vs time is shown in Figure 4.10B. The red
absorption shows the positive absorption while darker side shows negative absorption.
Note from Figure 4.10A and 4.10B that the ESA at 200 fs is dominated by a positive
absorption with a maximum of 530 nm and a bleach below 450 nm. As the time delay is
increased to 50 ps, this transient at 530 nm decays to give another transient with a bleach
at 490 nm and a broad absorption with a maximum at 550 nm. Global fit analysis of all
the kinetics at different wavelengths was fitted simultaneously resulting in a species
associated spectra with three main time constants of 2.5 ps, 15 ps and >200 ps. (Figure
4.10C) The 2.5 ps time constant transient resembles that of the ESA observed at 200 fs
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and is assigned to local excited state. However, this state decays with a solvation time
constant of 2.5 ps and 15 ps to give rise to the singlet state absorption with a bleach
maximum at 490 nm. The 490 nm bleach arises from the disappearance of the ground
state of the curcumin after photo-excitation. It should be noted that the observed lifetimes
match well with what were observed from fluorescence upconversion measurements,
which also have shown a solvation time constant followed by a lifetime component that is
assigned to cis-trans isomerization. So, we assign the 15 ps lifetime component to cistrans isomerization. Finally, the singlet state relaxes to give rise to the ground state of the
molecules with a lifetime greater than 200 ps. Kinetics at 530 nm and 490 nm confirms
the observed exited state relaxation. (Figure 4.10D)
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Figure 4.10. ESA spectra of Curc in water (A) at different time delays from 200 fs to 900
ps, (B) Change in absorption intensity graph, (C) Species associated spectra obtained
from global fit analysis and (D) Kinetic decay traces at representative wavelengths of 530
nm and 480 nm
The transient absorption measurements have confirmed our fluorescence
upconversion results that the excited state relaxation of free curcumin is dominated by
solvation, cis-trans isomerization and singlet state decay. It would be interesting to know
how the transients are altered on the surface of TiO2 nanoparticles.
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4.3.6.2. Curc/TiO2 in Solution
Fluorescence upconversion measurements have shown ultrafast electron injection
from curcumin to TiO2 while optical absorption and emission studies indicated the CT
complex for Curc with TiO2 nanoparticles in solution. To probe the dynamics of ICT in
Curc sensitized TiO2 nanoparticles in solution, transient absorption measurements were
carried out after excitation at 420 nm. Figure 4.11A shows the ESA spectra at different
time delays from 100 fs to 930 ps and corresponding intensity plot is shown in Figure
4.11B. It can be noted from Figure 4.11B that the bleach spectrum at 100 fs which is side
covering from 430 nm to 600 nm disappears as time progresses to give rise to a bleach at
470 nm by 10 ps. The broad bleach at 100 fs is assigned to the one arising from both the
bleach of the ground state as well as the stimulated emission from Curc/TiO2 CT
complex. Even though femtosecond fluorescence measurements have shown ultrafast
electron injection, presence of a slow component was also observed. The disappearance
of stimulated emission is assigned to the delocalization of excited CT state. The electrons
are delocalized into the conduction band to give rise to a charge separation that can be
observed as the cation radical of curcumin at 550 nm and a broad absorption greater than
650 nm that is assigned to the electron in the conduction band of TiO2.
Transient absorption kinetics at 470 nm, 540 nm and 710 nm are shown in Figure
4.11C. The different transient spectral features can be observed here. The decay traces at
710 nm shows the presence of a slow component of electron injection and the negative
absorption at 540 nm recovers with a time constant of 1.8 ps to give rise to a positive
absorption. These decay lifetimes suggest that in addition to ultrafast charge separation,
there is a presence of 1.8 ps slow component of electron injection to give rise to long
170

lived charge separation. The transients thus formed after 10 ps do not decay within 1 ns
suggesting that the charge recombination is greater than 1 ns.
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Figure 4.11. ESA of Curc on TiO2 nanoparticle surface in solution (A) at different time
delays from 100 fs to 930 fs (B) Transient intensity spectrum with black being negative
and red representing positive absorption and (C) Kinetic decay traces at 470 nm, 540 nm
and 710 nm
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fluorescence upconversion measurements provide the following picture for the ICT
dynamics of Curc/TiO2 nanoparticles in solution. Optical absorption and fluorescence
measurements have shown that Curc forms a CT complex with Ti(III) surface defect
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states. On the excitation of the CT state, a localized excited CT state results, where the
electron is localized on the surface Ti(III) atoms. From this state is where the
delocalization of electrons into the conduction band takes place with time constants of
100 fs and 1.8 ps (Part A and B of figure 4.12). These two time constants can be assigned
to electron injection. Similar electron injection dynamics was realized for other acac
derivatives sensitized TiO2 nanoparticles in solution (Chapter 3) as well as in a
cyanoacrylic dye sensitized TiO2 nanoparticles.55 As the electron injection proceeds
through excited CT state, the charge recombination is slow as the electron in the
conduction band does not have a coloumbic interaction with the cation radical of
curcumin.
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Figure 4.12. Schematic diagram representing (A) the binding mode (B) ICT dynamics of
Curc/TiO2 nanoparticle in solution
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4.3.6.3. Curc/TiO2 Thin Film
A relatively different excited state picture can be seen for Curc on the surface of
TiO2 thin film. Shown in Figure 4.13A are the ESA at different time delays from 100 fs
to 920 ps for Curc/TiO2 thin film. The transient at 100 fs (immediately after excitation)
consisted of broad positive absorption with a maximum at 550 nm and a negative
absorption at 460 nm. This broad absorption is assigned to the excited state of Curcumin
which is quite different from what was observed for Curc/TiO2 nanoparticles in solution
which is dominated by the CT excited state. With increase in time delays up to 100 ps,
the transient relaxes to give rise to broad absorption greater than 500 nm which is
assigned to a combination of the cation radical of Curc and electron in the conduction
band. Note that the transient absorption at 100 ps for Curc/TiO2 thin film matched with
Curc/TiO2 nanoparticles ESA at 10 ps. So, this result suggests that although there is
ultrafast electron injection from Curc to TiO2, there is a slow component of electron
injection of about 20 ps. We assign the decay of 550 nm absorption to electron injection
and not charge recombination as the bleach does not recover in this time scale (Figure
4.13A and Figure 4.13B). This long-lived bleach suggests that the charge recombination
is quite slow and is probably the reason behind good solar cell efficiencies with curcumin
sensitized solar cells. Shown in Figure 4.13C are the kinetic decay traces for Curc/TiO2 at
representative wavelengths of 470 nm, 580 nm and 750 nm.
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Figure 4.13. Excited state absorption of Curc on TiO2 nanoparticle surface on thin film
(A) From short to long time delays from 200fs to 930ps (B) Over a range of wavelengths
(430 nm to 800 nm) as a function of time (C) Growth and decay traces followed at 470
nm, 540 nm and 750 nm
The kinetic decay traces at 470 nm, 580 nm and 750 nm confirm the proposition
that there is a slow component of electron injection and relatively long-lived charge
recombination. So, the dynamics of the ICT state can be explained as follows. For
Curc/TiO2 thin film samples, the absorption is dominated by Curc forming a complex
with surface Ti(IV) sites and the electron injection is found to consist of <100 fs as well
as slow component of 20 ps. However, the charge recombination is long (> 1 ns). A
schematic diagram of ICT dynamics in Curc/TiO2 thin film is represented in Figure
4.14B. Also, combined electron injection and charge recombination lifetimes are
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tabulated in Table 4.4. Our results show long-lived charge separation for curcumin
sensitized TiO2 nanoparticles unlike other organic dye molecules with carboxylate
anchoring groups that have shown fast and multi-exponential charge recombination.
Although the ICT dynamics in solution and thin film are different because of the mode of
binding,(Figure 4.14A) the observed long-lived charge separation suggests that these
systems can be applied for solar cells as well as photo-catalytic applications.
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Figure 4.14. Schematic of (A) The binding mode (B) ICT dynamics in Curc/TiO2 on thin
film
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Table 4.6. Summary of the ICT dynamics for Curc on TiO2 nanoparticles in solution and
on thin film
Solution
Injecting species Enol-Ti(III) CT complex

Thin Film
Enol-Ti(IV)

nj

100 fs and 1.8 ps

<100 fs and 20 ps

CR

> 1 ns

> 1 ns

4.4. Conclusion
Interfacial charge-transfer dynamics in curcumin and its derivatives sensitized
TiO2 nanoparticles in solution and thin film phases were studied by combined
femtosecond transient absorption and fluorescence uponversion measurements. In
addition, dye solar cells were fabricated with Curc and its derivatives (DemCurc and
BisCurc) as sensitizers and efficiencies with respect to N3 and N719 were determined.
Efficiencies reaching 2.5% were obtained for curcumin derivatives sensitized solar cells.
Among the curcumin derivatives, BisCurc has shown the highest efficiency followed by
DemCurc and Curc. The differences in solar cell efficiencies can be attributed to
differences in redox potentials of curcumin and their binding with TiO2 nanoparticles.
Optical absorption and steady-state fluorescence measurements have shown that
all the curcumin derivatives form a CT complex with defect sites of TiO2 nanoparticles
and emission is completely quenched because of efficient electron injection. The results
have shown that BisCurc forms a stronger complex in comparison to DemCurc and Curc.
Femtosecond fluorescence upconversion measurements following the CT emission have
shown that charge delocalization consisted of 100 fs and 1.8 ps, which are assigned to
electron injection time constants. Transient absorption measurements on curcumin
176

derivatives sensitized TiO2 nanoparticles in solution have shown distinctly different
spectral behavior in solution and on thin film phases. In the solution phase, the dynamics
was dominated by stimulated emission from the CT excited state and the electron
injection consisted of a 1.8 ps time component. However, the charge recombination is
slow. On the other hand, the excited state of curcumin is dominant in thin films where a
slow electron injection component of 20 ps was observed. Here again, the charge
recombination is > 1 ns which is unlike other organic dyes with carboxylate linkers which
have shown fast and multi-exponential electron injection. Presence of slow charge
recombination lifetimes make curcumin derivatives ideal for solar cell applications. The
difference in binding geometries in solution and thin film phases was the reason behind
the observed transient spectral characteristics. In solution phase, curcumin derivatives
form a CT complex with Ti(III) defect states while simple excited state interaction is
observed in the thin film phase, where curcumin derivatives bind with Ti(IV) due to the
absence of Ti(III) defect states.
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4.5. Chapter 4 Summary


The objectives of the investigation were to understand the charge transfer
dynamics in curcuminoid sensitized TiO2 nanoparticles in solution and in film
that has acac as an anchoring group. To use these natural dye pigments of
curcumin as alternative sensitizers for dye solar cells.



The substitution of the methoxy functional group with hydrogens in curcumin, the
solar cell efficiencies were increased signifying the importance of redox
properties of the dye molecules relative to the TiO2 conduction band on solar cell
efficiencies.



The electron injection and charge recombination of Curcumin are entirely
different in solution and in thin film phases, which is similar to that of acac
derivatives as observed from femtosecond transient absorption and fluorescence
spectroscopic techniques.



The Enol binding mode is dominant for Curcumin/TiO2 in solution phase, and it
forms CT complex with surface defect, Ti(III). Electron injection is dominated by
the delocalization with time constants of 2 ps and 20 ps. However, it has long
lived charge recombination.



Curcumin in en-ol forms a complex with Ti(IV) on thin films but does not form a
CT complex. The en-ol form injects electrons from the excited state to the
conduction band very fast and the recombination is several magnitudes slower
than the electron injection. Ultrafast electron injection and slow charge
recombination makes these natural pigments good candidates for solar cells.

178

4.6. References
1. Grätzel, M. Solar energy conversion by dye-sensitized photovoltaic cells. Inorg. Chem.
2005, 44, 6841-6851.

2. Demirbas, A.; Sahin-Demirbas, A.; Hilal, D. Global energy sources, energy usage, and
future developments. Energ. Source. 2004, 26, 191-204.

3. Dresselhaus, M.; Thomas, I. Alternative energy technologies. Nature 2001, 414, 332337.

4. Hoel, M.; Kverndokk, S. Depletion of fossil fuels and the impacts of global warming.
Resour. Energy. Econ. 1996, 18, 115-136.

5. Shafiee, S.; Topal, E. When will fossil fuel reserves be diminished? Energy Policy
2009, 37, 181-189.

6. Wuebbles, D. J.; Jain, A. K. Concerns about climate change and the role of fossil fuel
use. Fuel Process Technol. 2001, 71, 99-119.

7. Protocol, K. United Nations framework convention on climate change. Kyoto Protocol,
Kyoto 1997.

8. Houghton, J. T.; Ding, Y.; Griggs, D. J.; Noguer, M.; van der Linden, Paul J; Dai, X.;
Maskell, K.; Johnson, C. Climate change 2001: the scientific basis; Cambridge
university press Cambridge: 2001, 881.

179

9. Houghton, R. A.; Woodwell, G. M. Global climate change. Sci. Am. 1989, 260, 36-40.

10. Johansson, T. B.; Burnham, L. Renewable energy: sources for fuels and electricity;
Island Press: 1993.

11. Commoner, B. Poverty of power: energy and the economic crisis 1976.

12. Lewis, N. S. Toward cost-effective solar energy use. Science 2007, 315, 798-801.

13. Wenham, S.; Green, M. Silicon solar cells. Prog. Photovoltaics Res. Appl. 1996, 4, 333.

14. Basol, B. M. Electrodeposited CdTe and HgCdTe solar cells. Sol. Cells 1988, 23, 6988.

15. Shockley, W.; Queisser, H. J. Detailed balance limit of efficiency of p‐n junction
solar cells. J. Appl. Phys. 1961, 32, 510-519.

16. Ennaoui, A.; Tributsch, H. Iron sulphide solar cells. Sol. Cells 1984, 13, 197-200.

17. Bergmann, R. Crystalline Si thin-film solar cells. Appl. Phys. Rev. 1999, 69, 187-194.
18. O’regan, B.; Grfitzeli, M. A low-cost, high-efficiency solar cell based on dyesensitized. Nature 1991, 353, 737-740.

19. Hoppea, H.; Sariciftci, N. S. Organic solar cells: An overview. J. Mater. Res. 2004,
19, 1925.

180

20. Shaheen, S. E.; Brabec, C. J.; Sariciftci, N. S.; Padinger, F.; Fromherz, T.;
Hummelen, J. C. 2.5% efficient organic plastic solar cells. Appl. Phys. Lett. 2001,
78, 841.

21. Wöhrle, D.; Meissner, D. Organic solar cells. Adv. Mater. 1991, 3, 129-138.
22. O’regan, B.; Grätzel, M. Low cost and highly efficient solar cells based on the
sensitization of colloidal titanium dioxide. Nature 1991, 335, 737-740.

23. Grätzel, M. Dye-sensitized solar cells. J. Photoch. Photobio. C 2003, 4, 145-153.

24. Nazeeruddin, M. K.; Kay, A.; Rodicio, I.; Humphry-Baker, R.; Müller, E.; Liska, P.;
Vlachopoulos, N.; Grätzel, M. Conversion of light to electricity by cis-X2bis (2, 2'bipyridyl-4, 4'-dicarboxylate) ruthenium (II) charge-transfer sensitizers (X= Cl-, Br-,
I-, CN-, and SCN-) on nanocrystalline titanium dioxide electrodes. J. Am. Chem.
Soc. 1993, 115, 6382-6390.

25. Furukawa, S.; Iino, H.; Iwamoto, T.; Kukita, K.; Yamauchi, S. Characteristics of dyesensitized solar cells using natural dye. Thin Solid Films 2009, 518, 526-529.

26. Kolarik, Z.; Renard, E. V. Potential applications of fission platinoids in industry.
Platin. Met. Rev. 2005, 49, 79-90.

27. Kolarik, Z.; Renard, E. V. Recovery of value fission platinoids from spent nuclear
fuel. Platin. Met. Rev. 2003, 47, 74-87.

181

28. Kim, H.; Kim, D.; Karthick, S.; Hemalatha, K.; Raj, C. J. Curcumin Dye Extracted
from Curcuma longa L. Used as Sensitizers for Efficient Dye-Sensitized Solar Cells.
Int.

J. Electrochem. Sc. 2013, 8.

29. Kundu, P.; De, R.; Pal, I.; Mukhopadhyay, A. K.; Saha, D. R.; Swarnakar, S.
Curcumin alleviates matrix metalloproteinase-3 and-9 activities during eradication of
Helicobacter pylori infection in cultured cells and mice. PloS one 2011, 6, e16306.

30. Nandakumar, D. N.; Nagaraj, V. A.; Vathsala, P. G.; Rangarajan, P.; Padmanaban, G.
Curcumin-artemisinin combination therapy for malaria. Antimicrob. Agents
Chemother. 2006, 50, 1859-1860.

31. Kiuchi, F.; Goto, Y.; Sugimoto, N.; Akao, N.; Kondo, K.; Tsuda, Y. Nematocidal
activity of turmeric: synergistic action of curcuminoids. Chem. Pharm. Bull. (Tokyo)
1993, 41, 1640-1643.

32. Menon, V. P.; Sudheer, A. R. In Antioxidant and anti-inflammatory properties of
curcumin; The Molecular Targets and Therapeutic Uses of Curcumin in Health and
Disease; Springer: 2007, 105-125.

33. Kuo, M.; Huang, T.; Lin, J. Curcumin, an antioxidant and anti-tumor promoter,
induces apoptosis in human leukemia cells. Biochimica et Biophysica Acta (BBA)Molecular Basis of Disease 1996, 1317, 95-100.

34. Ruby, A.; Kuttan, G.; Dinesh Babu, K.; Rajasekharan, K.; Kuttan, R. Anti-tumour
and antioxidant activity of natural curcuminoids. Cancer Lett. 1995, 94, 79-83.

182

35. Khafif, A.; Schantz, S. P.; Chou, T. C.; Edelstein, D.; Sacks, P. G. Quantitation of
chemopreventive synergism between (-)-epigallocatechin-3-gallate and curcumin in
normal, premalignant and malignant human oral epithelial cells. Carcinogenesis
1998, 19, 419-424.

36. Baumeister, P.; Reiter, M.; Harréus, U. Curcumin and other polyphenolic compounds
in head and neck cancer chemoprevention. Oxid. Med. Cell Longev. 2012, 2012.

37. Chainani-Wu, N. Safety and anti-inflammatory activity of curcumin: a component of
tumeric (Curcuma longa). J. Altern. Complem. Med. 2003, 9, 161-168.

38. Julie, S.; Jurenka, M. Anti-inflammatory properties of curcumin, a major constituent.
Altern. Med. Rev. 2009, 14.

39. Aggarwal, B. B.; Kumar, A.; Bharti, A. C. Anticancer potential of curcumin:
preclinical and clinical studies. Anticancer Res. 2003, 23, 363-398.

40. Ganesh, T.; Kim, J. H.; Yoon, S. J.; Lee, S.; Lee, W.; Mane, R. S.; Han, J. W.; Han,
S. Dye anchored ZnO nanoparticles: The positive and negative photoluminescence
quenching effects. J. Appl. Phys. 2009, 106, 084304.

41. Crivello, J. V.; Bulut, U. Curcumin: A naturally occurring long‐wavelength
photosensitizer for diaryliodonium salts. J. Polym. Sci. A Polym. Chem. 2005, 43,
5217-5231.

183

42. Ganesh, T.; Kim, J. H.; Yoon, S. J.; Kil, B.; Maldar, N. N.; Han, J. W.; Han, S.
Photoactive curcumin-derived dyes with surface anchoring moieties used in ZnO
nanoparticle-based dye-sensitized solar cells. Mater. Chem. Phys. 2010, 123, 62-66.
43. Koops, S. E.; O’Regan, B. C.; Barnes, P. R.; Durrant, J. R. Parameters influencing the
efficiency of electron injection in dye-sensitized solar cells. J. Am. Chem. Soc. 2009,
131, 4808-4818.

44. Tachibana, Y.; Moser, J. E.; Grätzel, M.; Klug, D. R.; Durrant, J. R. Subpicosecond
interfacial charge separation in dye-sensitized nanocrystalline titanium dioxide films.
J. Phys. Chem. 1996, 100, 20056-20062.

45. Benkö, G.; Kallioinen, J.; Korppi-Tommola, J. E.; Yartsev, A. P.; Sundström, V.
Photoinduced ultrafast dye-to-semiconductor electron injection from nonthermalized
and thermalized donor states. J. Am. Chem. Soc. 2002, 124, 489-493.

46. Ramakrishna, G.; Ghosh, H. N. Emission from the charge transfer state of xanthene
dye-sensitized TiO2 nanoparticles: a new approach to determining back electron
transfer rate and verifying the Marcus inverted regime. J. Phys. Chem. B 2001, 105,
7000-7008.

47. Varaganti, S.; Ramakrishna, G. Dynamics of interfacial charge transfer emission in
small molecule sensitized TiO2 nanoparticles: Is it localized or delocalized? J. Phys.
Chem. C 2010, 114, 13917-13925.

184

48. Shklover, V.; Nazeeruddin, M.; Zakeeruddin, S.; Barbe, C.; Kay, A.; Haibach, T.;
Steurer, W.; Hermann, R.; Nissen, H.; Grätzel, M. Structure of nanocrystalline TiO2
powders and precursor to their highly efficient photosensitizer. Chem. Mater. 1997,
9, 430-439.

49. Martineau, D. Dye Solar Cells for Real: The Assembly Guide for Making Your Own
Solar Cells. Solaronix Sept2010 2010.

50. Arndt, R.; Puto, R. Basic understanding of IEC standard testing for photovoltaic
panels.http://tuvamerica.com/services/photovoltaics/ArticleBasicUnderstandingPV.
Pdf 2010.

51. Benesi, H. A.; Hildebrand, J. A spectrophotometric investigation of the interaction of
iodine with aromatic hydrocarbons. J. Am. Chem. Soc. 1949, 71, 2703-2707.

52. Nazeeruddin, M. K.; Pechy, P.; Renouard, T.; Zakeeruddin, S. M.; Humphry-Baker,
R.; Comte, P.; Liska, P.; Cevey, L.; Costa, E.; Shklover, V. Engineering of efficient
panchromatic sensitizers for nanocrystalline TiO2-based solar cells. J. Am. Chem.
Soc. 2001, 123, 1613-1624.

53. Sreekala, C.; Jinchu, I.; Sreelatha, K.; Janu, Y.; Prasad, N.; Kumar, M.; Sadh, A. K.;
Roy, M. Influence of Solvents and Surface Treatment on Photovoltaic Response of
DSSC Based on Natural Curcumin Dye. Photovoltaics, IEEE Journal of 2012, 2,
312-319.

185

54. Al-Bat'hi, S. A.; Alaei, I.; Sopyan, I. Natural Photosensitizers for Dye Sensitized
Solar Cells. Renew. Energ. (IJRER) 2013, 3, 138-143.

55. Zeng, W.; Cao, Y.; Bai, Y.; Wang, Y.; Shi, Y.; Zhang, M.; Wang, F.; Pan, C.; Wang,
P. Efficient dye-sensitized solar cells with an organic photosensitizer featuring
orderly conjugated ethylenedioxythiophene and dithienosilole blocks. Chem. Mater.
2010, 22, 1915-1925.

186

CHAPTER 5
COUMARIN DERIVATIVES SENSITIZED TIO2 NANOPARTICLES AS TWOPHOTON ABSORBERS
5.1. Introduction
Materials with large two-photon absorption (2PA) cross-sections have received
enormous attention for the last two decades because of their applications in
interdisciplinary areas of the sciences.1-6 The applications of 2PA include optical
limiting,7-9 3D data storage,10-12 3D micro/nanofabrication,12 multiphoton microscopy,1315

photodynamic therapy16,17 and sensing.18-20 Materials with large 2PA cross-sections are

necessary to make these applications economically viable. Several approaches have
focused on developing materials with large 2PA cross-sections that include organic
chromophores with dipolar, quadrupolar, octupolar, dendritic, polymeric and multibranched architectures.21-35 These approaches have provided a wealth of information on
the design strategies to develop better 2PA materials. However, the synthetic challenges
and solid-state performance have been significant obstacles in their progress. In a parallel
development, several inorganic materials, semiconductor and metal architectures were
employed for 2PA applications with reasonable success.36-40 Hybrid forms with
chromophores on metal41-44 or semiconductor45 architectures provide synergistic
approaches to achieve materials with 2PA cross-sections. However, few investigations
have focused on this approach. Perry and co-workers42 have shown that the 2PA crosssections of organic chromophores can be enhanced on the surface of metal nanoparticles

187

and fractals. Previously, we reported a proof-of-principle that the 2PA cross-sections of
chromophores can be enhanced on the surface of reactive semiconductor nanoparticles.45
The use of chromophore functionalized semiconductor nanoparticles has been studied
extensively in the context of dye-sensitized solar cells.46-57 It will be interesting to see
whether this strategy can be utilized to design materials with enhanced 2PA crosssections. The measurement of 2PA cross-sections on the reactive semiconductor
nanoparticles is compromised by low quantum yields due to ultrafast electron injection
on the surface of the nanoparticles.52-55 To overcome this problem, new coumarin
derivatives were synthesized to investigate the influence of the reactive surfaces on 2PA
cross-sections,
chromen-2-one

viz:

(E)-6-((3,4-dihydroxybenzylidene)amino)-4-(trifluoromethyl)-2H(Coum-Cat)

and

(E)-7-(diethylamino)-3-(((3,4-

dihydroxybenzyl)imino)methyl) -2H-chromen-2-one (Coum-Dopa) ( see Figure 5.1 for
structures). Electronic interactions between dyes and semiconductor nanoparticle surface
are essential for the 2PA cross-section enhancement but they can diminish the electron
injection. As a compromise, a strategy where the anchoring group forms a direct ligand to
metal charge-transfer (LMCT) complex58-63 with TiO2 is used that can provide dipolar
perturbation and electronic interaction between the dye and TiO2. Also, the chromophore
is designed such a way that the electron injection from the chromophore to TiO2
nanoparticles is minimal, which will lead to a measurable fluorescence quantum yield for
the chromophores. The 2PA cross-sections of chromophores in water and on the surface
of TiO2 were determined. In addition, transient absorption measurements were carried out
to understand the electron injection and charge recombination in these dyes-sensitized
TiO2 nanoparticles in solution.
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A

B

Figure 5.1. Molecular structures of the investigated chromophores.(A) Coum-cat and (B)
Coum-dopa
5.2. Experimental
5.2.1. Materials
All the starting materials used for the synthesis of Coumarin derivatives were obtained
from Sigma-Aldrich and were used as received. Also, titanium isopropoxide, methanol,
ethanol and isopropanol were obtained from Sigma-Aldrich and were used as such.
Nano-pure water from Millipore Inc., was used for the synthesis of TiO2 nanoparticles
and the measurements.
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5.2.2. Synthesis of Coum-Dopa
A solution of 7-(diethylamino)-2-oxo-2H-chromene-3-carbaldehyde (0.1 g, 0.4077
mmol) and dopamine hydrochloride (0.0773 g,0.4077 mmol) in 10 mL of ethanol was
refluxed for 8 hours. The mixture was allowed to cool to room temperature. The yellow
color solid formed (0.086 g) was filtered and air-dried. The chromophores were
characterized by 1H-NMR and mass spectrometry. The mechanism of the reaction is
shown in Figure 5.2.

Figure 5.2 Reaction mechanism for the synthesis of Coum-Dopa
5.2.3. Synthesis of Coum-Cat
A solution of 7-amino-4-(trifluoromethyl)-2H-chromen-2-one(0.4 g, 1.746 mmol) and
3,4 dihydroxybenzaldehyde (0.2412 g, 1.746 mmol) in 15 mL of ethanol was refluxed for
12 hours. The mixture was allowed to cool to room temperature. The orange colored
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crystals formed were filtered and air dried (0.18 g). The mechanism is shown in Figure
5.3.

Figure 5.3 Reaction mechanism for the synthesis of Coum-Cat
5.2.4. Synthesis of TiO2 Nanoparticles
Nano-sized TiO2 was synthesized by the controlled hydrolysis of titanium(IV)
isopropoxide as described elsewhere.53 Briefly, 10 mL of Ti[OCH(CH3)2]4 was dissolved
in 90 mL of isopropyl alcohol and the mixture was added drop-wise (1 mL min-1) to 900
mL of nano-pure water (pH 1.5, adjusted with HNO3) at 275 K under continuous stirring.
The stirring was continued for an additional 12 hours to obtain a transparent colloidal
solution. This solution was concentrated at 308-313 K in a rotary evaporator to obtain
white TiO2 powder. The resulting powder was then dried under nitrogen. All the
sensitization experiments were carried out with these nanoparticles in solution. As the
chromophores have poor solubility in water, 5% methanol was used to solubilize them.
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5.2.5. Optical Absorption Measurements
Optical absorption measurements were carried out using a Shimadzu UV 2101 PC
absorption spectrometer. Fluorescence measurements were carried out using an
Edinburgh spectrophotofluorimeter. The quantum yields of the molecules were measured
using a known procedure with Coumarin 485 in methanol as the standard.
5.2.6. 2PA Measurements
The 2PA cross-sections () were measured via a two-photon excited fluorescence
(2PEF) technique.64 A 10-4 M Coumarin 485 solution in methanol was used as the
reference over a wavelength range of 720-900 nm with the cross-sections of the standard
reported earlier.65 The setup is described elsewhere. Briefly, a broad-band Ti-Sapphire
oscillator (Tsunami, Spectra Physics) was utilized for the investigations. A neutral
density filter was used to vary the power. All the investigated chromophorefunctionalized semiconductor nanoparticles gave a slope of 2 in a plot of laser power and
fluorescence counts, indicating that it is indeed a 2PA event (see Supporting
Information). To avoid any ambiguity, the dye to nanoparticle concentration (10 microM
dye and 10 g/L TiO2) ratio was always the kept same in measurements of fluorescence
quantum yield and 2PA cross-section.
5.2.7. Fluorescence Upconversion Measurements
Time-resolved fluorescence of the chromophores and chromophore-functionalized
TiO2 was studied using the femtosecond fluorescence up-conversion technique described
elsewhere.45,66 The system used in our experiments was acquired from CDP Instruments
Inc., Russia. Briefly, investigations were carried out with 400 nm excitation (second
harmonic of the fundamental at 800 nm). The polarization of the excitation beam was
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precisely controlled using a Berek compensator. The solution sample was rotated
continuously in a cell of 1 mm thickness to avoid photo-bleaching. Horizontally polarized
light emitted from the sample was up-converted in a nonlinear crystal of 𝛽- barium borate
using the pump beam at 800 nm as the gate pulse. The instrument response function was
measured using Raman scattering from water and the fitting yielded a sigma value of
~130 fs which gives a full width half maximum of ~280 fs. Spectral resolution was
realized using a double monochromator and photomultiplier tube. The excitation power
was varied during the experiment, but was mostly in the range of 3.5 ± 0.5 mW.
Time-resolved fluorescence anisotropy measurements were carried out with parallel
and perpendicular excitations whose polarization was changed with a Berek compensator.
Fluorescence anisotropy was calculated from traces obtained after parallel (Ipar) and
perpendicular (Iper) excitation with the following equation67,68 based on the ratio of the
difference between parallel and perpendicular polarized emissions over magic angle
fluorescence.
𝐼𝑝𝑎𝑟(𝑡) −𝐺𝐼𝑃𝑒𝑟(𝑡)

𝑟(𝑡) = 𝐼

𝑝𝑎𝑟(𝑡) +2𝐺𝐼𝑃𝑒𝑟(𝑡)

5.1

The G factor accounts for the differences in sensitivities for the detection of emission in
perpendicular and parallel polarized configurations. The G factor was obtained from the
tail fitting of the anisotropy decays of perylene in methanol and Coumarin 485 in
methanol.
5.2.8. Transient Absorption Measurements
Femtosecond transient absorption investigations were carried out using an
ultrafast pump-probe spectrometer detecting in the visible region located at Argonne
National Laboratoy.1 The system is described elsewhere.48 In brief, 1 mJ, 100 fs pulses at
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800 nm with a repetition rate of 1 KHz were obtained from Nd:YLF (Empower) pumped
Ti:sapphire regenerative ampliﬁer (Spitﬁre, Spectra-Physics) with the input from
Millennia pumped Ti: sapphire oscillator (Spectraphysics, Tsunami). The output of laser
beam was split to generate pump and probe beam pulses with a beam splitter (85% and
15%). The pump beam was produced by an optical parametric amplifier. The pump beam
used in the present investigation, i.e., 420 nm, was obtained from the fourth harmonic of
the idler beam. The probe beam was delayed with a computer-controlled motion
controller and then focused into a 2 mm sapphire plate to generate white light continuum.
The white light was then overlapped with the pump beam in a 2 mm quartz cuvette
containing the sample, and the change in absorbance for the signal was collected by a
CCD detector (Ocean optics). Data acquisition was controlled by the software from
Ultrafast systems Inc. Typical power of the probe beam was around 10 µJ/cm2 while the
pump beam was around 1000 µJ/cm2. Magic angle polarization was maintained between
the pump and probe using a wave plate. The pulse duration was obtained from the
nonresonant ﬁtting of the solvent response, which was around 130 fs. The samples were
stirred by a rotating magnetic stirrer and little degradation of the sample was observed
during the experiments. Blank experiments were carried out with bare TiO2
nanoparticles, and water and minimal signal was observed, as they do not possess
absorption at the excitation wavelength of 420 nm.
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5.3. Results and Discussion
5.3.1. Steady-State Optical Properties
As the central objective of the present investigation is to probe and understand the 2PA
cross-sections of organic chromophores on reactive TiO2 nanoparticles, it is necessary to
comprehend the electronic interactions of the chromophores with TiO2 nanoparticles. The
electronic interaction of the chromophore with the TiO2 surface is monitored with optical
absorption and fluorescence spectroscopy. Figure 5.4A and Figure 5.4B show the
normalized optical absorption and fluorescence spectra of Coum-Cat and Coum-Dopa in
solution and on the surface of TiO2 nanoparticles. The optical absorption of Coum-Cat in
methanol is shifted from 370 nm to below 370 nm on the surface of TiO2. The maximum
for Coum-Cat on TiO2 overlaps with the absorption of TiO2 and therefore was not well
resolved. However, there was a distinct tail of the absorption with Coum-Cat on TiO2.
The slight blue shift indicates that the chromophore of Coum-Cat does not interact
strongly with the surface of TiO2 while the weak tail of the absorption is assigned to the
LMCT complex of the catechol anchoring group with TiO2 nanoparticles.59 It is well
established that the ene-diol compounds such as catechol form charge-transfer complexes
with TiO2 nanoparticles with absorption tailing into the visible region.58 The slight blue
shift for Coum-Dopa and the tail extending to the visible region suggests good binding of
the dye with TiO2 nanoparticles. The blue shift in the absorption of Coum-Cat and CoumDopa on TiO2 surface can be attributed to differences in pH on the TiO2 surface.
Fluorescence spectra of Coum-Cat and Coum-Dopa in methanol and on the surface of
TiO2 are shown in Figures 2A and 2B, respectively. The fluorescence of Coum-Cat was
quenched by almost 6-fold on the surface of TiO2, while that of Coum-Dopa is quenched
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by close to 10-fold. For the dyes that interact strongly with the TiO2 nanoparticle surface,
fluorescence quantum yields decrease by more than 100 times because the electron
injection is fast and efficient.53-55 The quantum yield for Coum-Cat and Coum-Dopa in
methanol were around 0.97 and 0.15, respectively, which were quenched to 0.13 and
0.014 on the surface of TiO2 nanoparticles. Thus, both Coum-Cat and Coum-Dopa show
measurable quantum yields of 0.15 and 0.014 on the surface of TiO2. This is an important
requirement to determine the 2PA cross-sections using two-photon excited fluorescence.
The fluorescence quenching suggests that there is a contribution of electron injection
from the dye to TiO2 even though the chromophores were designed to minimize electron
injection. Further time-resolved fluorescence measurements were carried out to monitor
the dynamics of electron injection and charge recombination.
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Figure 5.4 Optical absorption and fluorescence spectra of (A) Coum-Cat and (B) CoumDopa in methanol and on the surface of 10 g/L TiO2 nanoparticles
5.3.2 Femtosecond Fluorescence Upconversion Measurements
A decrease in fluorescence quantum yield was observed for the dye molecules on
TiO2 nanoparticles demonstrating the role of electron injection. To understand the
dynamics of injection, femtosecond fluorescence lifetime measurements were carried out
for free dyes in methanol and dyes on TiO2 nanoparticles. Shown in Figure 5.5A are the
196

fluorescence decay traces monitored at 480 nm for Coum-Cat in methanol and on the
surface of TiO2 nanoparticles. Coum-Cat in methanol shows slight growth followed by a
long-lived excited state decay (>1 ns) that can be attributed to solvation dynamics.
However, the fluorescence of Coum-Cat on TiO2 decays rapidly, followed by a long-lived
excited state decay. The decay was fitted with a bi-exponential function of 4.2 ps (24%)
and > 1 ns (76%), the faster decay component being ascribed to electron injection from
the dye to TiO2. It is interesting to see that the anisotropy of Coum-Cat decayed slowly
on the surface of TiO2 and residual anisotropy component was observed, indicating that
the dye is bound to the surface of TiO2 (Figure 5.5B). The anisotropy of Coum-Cat in
methanol was fitted with a time constant of 52 ps which increased to 86 ps and > 200 ps
(10%) on the surface of TiO2. The presence of residual anisotropy is a confirmation that
the chromophore is bound to the surface of TiO2.
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Figure 5.5 (A) Fluorescence decay traces of Coum-Cat in methanol and Coum-Cat on
TiO2 monitored at 480 nm after excitation at 400 nm. (B) Corresponding anisotropy
decay traces for Coum-Cat in methanol and Coum-Cat on TiO2 nanoparticles at 480 nm
Fluorescence kinetic decay traces for Coum-Dopa in methanol and on the surface of
TiO2 at 510 nm are shown in Figure 5.6A. The kinetics of Coum-Dopa in methanol
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showns a slight growth followed by a decay. The kinetics was fitted with a growth
component of 1 ps and a 350 ps decay. The 350 ps decay component is attributed to the
singlet-state decay. However, in the presence of the TiO2 nanoparticles, faster
fluorescence decay is observed and is fitted with a multi-exponential function with 350 fs
(65%), 8 ps (20%) and 350 ps (15%). The faster components are ascribed to electron
injection from the dye to TiO2. Though the charge-transferred state is towards the surface
of TiO2, the electron injection is not ultrafast, as the dye is bound with TiO2 surface by an
alkane chain. Therefore, for both the dye molecules, there is a small component of
electron injection but not as complete as for other organic chromophores sensitized TiO2
nanoparticles.53-56 Absence of complete electron injection allows the chromophores to
have measurable fluorescence quantum efficiencies, and their 2PA cross-sections can be
measured with 2PEF. Figure 5.6B shows the anisotropy decay traces of Coum-Dopa in
methanol and on the surface of TiO2. Here again, the results show that Coum-Dopa is
bound to TiO2 with a slower anisotropy decay and residual anisotropy for Coum-Dopa on
the surface of TiO2 nanoparticles.
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Figure 5.6 (A) Fluorescence decay profiles of Coum-Dopa in methanol and on TiO2
monitored at 510 nm after excitation at 400 nm. (B) Corresponding anisotropy decay
traces for Coum-Dopa in methanol and on TiO2 nanoparticles at 510 nm
5.3.3. Transient Absorption Measurements
Fluorescence upconversion measurements have shown that electron injection is
less efficient for both Coum-Cat and Coum-Dopa as they are coupled weakly with the
surface of TiO2. To understand the details of electron injection and excited state
deactivation in these dye functionalized TiO2 nanoparticles, femtosecond transient
absorption measurements were carried out.
5.3.3.1. Coum-Cat in Methanol
The excited state dynamics of Coum-Cat alone was monitored by femtosecond
transient absorption after excitation at 420 nm. Shown in parts A and B of Figure 5.7 are
the ESA spectra from 100 fs to 10 ps and 10 ps to 1 ns, respectively. It can be observed
from Figure 5.7A that the ESA at 100 fs was constituted of a bleach at 470 nm and a
small overlapping absorption at 540 nm. The bleach arose from stimulated emission
while the positive ESA is assigned to the singlet-singlet absorption of the local excited
state. This local excited state leads to an intramolecular charge transfer state within 10 ps
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which is aided by the solvation time constant. Similar local excited state to intramolecular
charge transfer state are well documented for several chromophores of donor-p-acceptor
geometry as is the case for Coum-Cat. The ESA at 10 ps consisted of a bleach peak at
480 nm and that decays back to ground with a nanosecond lifetime. This transient was
assigned to the absorption of intramolecular charge-transfer state. Kinetic decay traces at
480 nm and 540 nm (Figure 5.7C) show the same growth of intramolecular charge
transfer state and the decay of the locally excited state.
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Figure 5.7 Transient absorption spectra at different time delays for Coum-cat in
methanol after excitation at 420 nm (A) 100 fs to 10 ps, (B) 10 ps to 1 ns. (C) Transient
kinetic decay traces at 540 and 480 nm
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Overall, the excited state dynamics of Coum-Cat in methanol is dominated by the
ESA of the local excited state decaying to the intramolecular charge transfer state with
the solvation time constant. This intramolecular charge transfer state is a fluorescent state
that decays to ground state with nanosecond lifetime.
5.3.3.2. Coum-Cat/TiO2 in Solution
It is interesting to see the change in charge transfer dynamics when Coum-Cat is
bound to TiO2 nanoparticles in solution. The absorption of Coum-Cat is altered as it was
overshadowed by the absorption of the LMCT absorption of Cat with TiO2. So, the
transient absorption measurements would have significant overlap from Cat/TiO2 LMCT
excitation. At the excitation wavelength of 420 nm, the Cat/TiO2 absorption dominates
that of Coum-Cat and the dynamics here are mostly similar to that of the Cat/TiO2
excited state absorption. Shown on Figure 5.8A are the ESA at different time delays from
350 fs to 22 ps for Coum-Cat/TiO2 in solution. It can be observed that the ESA at 50 fs
was quite different from that of the ESA of free dye alone suggesting that the dynamics
were completely dominated by that of Cat/TiO2 LMCT excitation. The kinetics at 450 nm
represents the bleach due to Cat/TiO2 charge-transfer complex which does not decay
within 100 ps indicating that there is no charge recombination and the dipolar
perturbation caused by Cat/TiO2 is in effect for quite a long time. This has consequences
in 2PA cross-section measurements.
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Figure 5.8 Excited state absorption spectra at different time delays for (A) CoumCat/TiO2 in water and (B) Corresponding kinetic decay trace at 450 nm
5.3.3.3. Coum-Dopa in Methanol
Transient absorption measurements after excitation at 420 nm were carried out to
probe the charge transfer dynamics in Coum-Dopa sensitized TiO2 nanoparticles. Shown
in Figure 5.9A are the ESA at different time delays from 100 fs to 900 ps. The ESA was
dominated by a bleach at around 480 nm which shifted to 500 nm with increase in time
delay and is arose from the stimulated emission. The shift in stimulated emission
maximum is because of solvation and the global fit analysis provided two time constants
(Figure 5.9B) for the decay of excited state which matched well with the lifetimes
obtained from fluorescence upconversion measurements. The kinetics of stimulated
emission at 500 nm and the excited state absorption decay at 750 nm (Figure 5.9C) were
fitted with time constants of 13 ps and 130 ps that signify the lifetime of the
intramolecular charge transfer state of Coum-Dopa in methanol.
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Figure 5.9 (A) Excited state absorption of Coum-Dopa in methanol at different time
delays after excitation at 420 nm, (B) Species associated spectra obtained from global fit
analysis showing two main decaying species and (C) kinetic decay traces at 500 nm and
750 nm showing the excited state decay
The excited state dynamics of Coum-Dopa is dominated by single intramolecular
charge transfer state’s decay. The decay of this state can provide information about
electron injection and charge recombination dynamics when the dye is bound to the
surface of TiO2 nanoparticles.
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5.3.3.4. Coum-Dopa/TiO2 in Solution
Figure 5.10A shows the ESA at different time delays for Coum-Dopa sensitized
TiO2 nanoparticles in water from 100 fs to 600 ps. The ESA at 100 fs is again dominated
by the stimulated emission at 480 nm which decays in time but faster than Coum-Dopa in
methanol. So, the decay of stimulated emission provides us the information about the
electron injection. Global fit analysis has provided the species associated spectra (Figure
5.10B) with two electron injection time constants of 2.8 ps and 32 ps further confirming
that electron injection from Coum-Dopa is quite slow and this is the reason why it
possesses measurable fluorescence quantum yield.
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Figure 5.10 Transient absorption of (a) Coumdopa/TiO2 in water (B) Species associated
spectra obtained from global fit analysis showing three main decaying species
5.3.3.4. Coum-Dopa/TiO2 Thin Film
In contrast to solution phase measurements, thin film transient absorption
measurements of Coum-Dopa/TiO2 give a different picture. The ESA at short time delays
from 200 fs to 1 ps is shown in Figure 5.11A. The ESA at 200 fs matched closely with
that of the ESA observed for free dye in solution as well as on the surface of TiO 2
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nanoparticles in solution. However, the decay of this ESA in thin film was fast and it
gave rise to the transient spectra at 1 ps which was dominated by a negative absorption at
470 nm (Figure 5.11B) and a broad absorption centered at 580 nm. This negative
absorption can be ascribed to the bleach of the dye and the positive ESA can be attributed
to a combination of cation radical of Coum-Dopa. The transient absorption of 7-amino
Coumarin dye cation radical is in the range of 520 to 600 nm. The transient absorption at
1 ps decayed with time and it was because of charge recombination.
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Figure 5.11 Transient absorption of Coum-Dopa/TiO2 on film (A) Short time delays from
200 fs to 1 ps and (B) 1 ps to 900 ps
Global fit analysis has shown three main components in the transient absorption
for Coum-Dopa/TiO2 thin film. (Figure 5.12A) The 350 fs transient matched well with
that of the stimulated emission spectrum and can be assigned to electron injection. The
other two components are assigned to charge recombination time constants. The kinetic
decay traces at 670 and 550 nm are shown in Figure 5.12B. It is quite evident from the
kinetic decay trace at 670 nm that there is a fast decay which can be attributed to electron
injection concomitant with the growth observed at 550 nm. Overall, the transient
absorption results suggest that the electron injection is faster for Coum-Dopa/TiO2 in thin
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films with a time constant of 350 fs. This is probably assigned to possible change in
orientation of Coum-Dopa on the surface of TiO2 nanoparticles where it can rotate
around the single bond and fall flat on the surface of nanoparticle giving faster spatial
electron transfer. It is interesting to see that even though the electron injection is faster,
charge recombination is also faster.
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Figure 5.12 (A) Species associated spectra obtained from global fit analysis for CoumDopa/TiO2 thin film and (B) Kinetic decay traces at 550 nm and 670 nm providing the
information about electron injection and charge recombination
5.3.4. 2PA Cross-section Measurements
Steady-state absorption, fluorescence quantum yields, fluorescence upconversion
and transient absorption results have shown that Coum-Cat and Coum-Dopa inject
electrons slowly into TiO2, but the catechol anchoring group forms a strong LMCT
complex with TiO2 nanoparticles. The objective of the investigation is to show that this
CT interaction between Cat and TiO2 can enhance the 2PA cross-section of the
chromophores. To accomplish it, we have carried out measurements of two-photon
fluorescence after excitation at 800 nm. Shown in Figure 5.13 are the power dependence
of the fluorescence for Coum-Cat, Coum-Dopa in solution and on the surface of TiO2
nanoparticles in solution. Also, shown for comparison is the standard C485 power
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dependence after excitation at 800 nm. The slope of power dependence was found to be 2
suggesting that the fluorescence indeed arises out of a two-photon event.
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Figure 5.13. The dependence of counts of the standard, dyes and dye/TiO2 with change
in power
As observed above, good two-photon fluorescence was observed for free dyes in
solution and on the surface of TiO2 nanoparticles. To determine the two-photon
excitation spectra and cross-sections, 2PA cross-sections are measured with 2PEF
technique. Comparative measurements were performed for free dyes and dyes bound to
the TiO2 surface. Shown in Figure 5.14A and 5.14B are the 2PA cross-sections per
chromophore at different wavelengths for Coum-Cat and Coum-Dopa, respectively.
Coum-Cat in methanol has a 2PA cross-section of 28 GM at a wavelength of 740 nm and
this increases to 100 GM for Coum-Cat/TiO2 at a wavelength of 740 nm. There is a 3.5fold 2PA cross-section enhancement for Coum-Cat on TiO2. Also, the enhancement is
throughout the spectral region and the average enhancement is around 3.3 ± 0.3.
However, the two-photon excitation spectra for both Coum-Cat and Coum-Cat/TiO2 were
blue-shifted by about 10 nm with respect to their one photon absorption spectrum (Figure
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5.17). This shift is not large enough to be considered a new electronic state and is
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Figure 5.14. Two-photon cross-sections at different wavelengths for (A) Coum-Cat in
water and on TiO2 nanoparticles and (B) Coum-Dopa in methanol and on the surface of
TiO2 nanoparticles
On the other hand, the 2PA cross-section of Coum-Dopa in methanol is around 20 GM
(830 nm) and this increases to 32 GM for Coum-Dopa on TiO2 at 880 nm (Figure 5.14B).
The 2PA enhancement was around 1.5-fold for Coum-Dopa bound to TiO2. Also, the
two-photon excitation spectrum of Coum-Dopa on TiO2 matches quite well with the onephoton absorption spectrum. The enhancement for Coum-Dopa on TiO2 was smaller than
that of Coum-Cat on TiO2. This can be due to the distance of the chromophore from the
surface of TiO2. The results have shown that the 2PA cross-sections of chromophores
can be enhanced on the surface of TiO2 nanoparticles.
The 2PA cross-section of Coum-cat was enhanced up to 3.5 times (shown in
figure 5.14A) with the enhancement profile being similar to the chromophore crosssection. This can be attributed to the chromophore orientation on the surface of TiO 2 and
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probably the electric field generated by the anchoring group catechol forming a chargetransfer complex with TiO2 nanoparticles in solution.
A

TiO2

B

TiO2

Figure 5.15. The orientation of the (A) Coum-cat dipole and the (B) Coum-dopa dipole
relative to the TiO2 nanoparticle
The orientation of the chromophore dipole shown by the red arrow in shown in
Figure 5.15A and 5.15B which were a direct result of how the molecules electron
withdrawing and donating groups were strategically placed relative to theTiO2
nanoparticles they were anchored to. Coum-cat which had the chromophore dipole facing
away from TiO2 (Figure 5.15A), exhibited the largerst 2PA cross-section enhancement
with all the wavelengths from 710 nm to 900 nm (Figure 5.15B) showing enhancement
with a profile similar to the dye profile. Coum-dopa which had the chromophore dipole
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facing toward TiO2 showed 1.5 times the enhancement with the enhancements being in
region 720 nm and 740 nm and region 820 nm to 900 nm. This was a mirror like
enhancement profile in comparison to chromophore cross-section.
5.3.4.2. Comparison of 2PA Excitation Spectra with One-Photon Absorption
To confirm that the two-photon excitation is probing the same electronic state as
that of one-photon absorption, one-photon and two-photon excitation scans were
compared with one another for Coum-cat in solution and on the surface of TiO2 in
Figures 5.16A and 5.16B, respectively. The results show that the two-photon excitation
was slightly shifted towards blue wavelengths for Coum-cat in methanol. A similar blue
shift in the two-photon excitation was shown for several standard dye molecules that are
related to the orientation and associated selection rules. However, both one-photon and
two-photon excitation spectra match with one another for coum-Cat on the surface of

30

0.2
Coum-Cat (2PA)
Coum-Cat (1PA)

Absorbance

25
20

0.1

15
10
5
0

B

360

390

420

450

480

0.0

120
Coum-Cat/TiO2 (2PA)

100

Wavelength (nm)

0.3

Coum-Cat/TiO2 (1PA)

80

Absorbance

35

2PA cross-section (GM)

A

2PA cross-section (GM)

TiO2 indicating that both are probing the same low energy state.

60

0.2

40

0.1

20
0

360

390

420

450

480

Wavelength (nm)

Figure 5.16. A comparison of one photon and two photon excitation for Coum-Cat (A)
and (B) Coum-Cat/TiO2
Similar comparisons of one-photon and two-photon excitation was done for
Coum-Dopa in methanol and Coum-Dopa on the surface of TiO2 in Figures 5.17A and
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5.17B, respectively. It was interesting to see that the two-photon excitation profile of
Coum-Dopa in methanol is shifted to blue by as much as 40 nm which indicates that the
lowest excited state of the dye is not two-photon active. However, no such difference was
observed for Coum-Dopa on TiO2 where one-photon and two-photon excitation profiles
matched with one another.
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Figure 5.17. A comparison of one photon and two photon excitation for Coum-Dopa (A)
and (B) Coum-Dopa/TiO2
5.3.4.3. Effect of TiO2 Concentration on 2PA Enhancement
The 2PA measurements described above have shown a synergistic enhancement
when the dye is bound to TiO2 nanoparticles. To further understand the influence of TiO2
nanoparticles, the 2PA cross-sections of Coum-Cat were measured with increasing
concentration of TiO2. Shown in Figure 5.18 are the relative 2PA cross-sections (𝛿𝑇𝑖𝑂2 /
𝛿0 ) determined from the ratio of two-photon fluorescence and one-photon fluorescence
quantum yields of Coum-Cat as a function of TiO2 nanoparticles. It is evident from
Figure 5.18 that there was an enhancement close to 3.3 times when Coum-Cat is bound to
TiO2. The increase in 2PA cross-section saturates at about 2.5 g/L of TiO2
(approximately 5 M of TiO2). Once the dye is bound to TiO2, there was no further
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increase in the 2PA cross-section suggesting that the increase was due to the interaction
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of the dye with the TiO2 surface.
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Figure 5.18. Relative 2PA enhacement of Coum-Cat (10 uM) with increasing TiO2
nanoparticle concentration
5.3.4.4. Mechanism behind 2PA Enhancement
The 2PA cross-sections of the investigated chromophores increase in the presence of
TiO2 nanoparticles, indicating that the surface of TiO2 nanoparticles play an important
role in this process. It has to be mentioned here that the electronic interaction of the
chromophore with TiO2 is not significant due to inefficient electron injection from the
dye to TiO2. However, the anchoring group that is bound to the chromophore forms a
LMCT complex with the surface of TiO2 nanoparticles and this creates a local electric
field on the surface of TiO2. This electric field can enhance the 2PA cross-section of the
chromophore. In recent years, several research groups have demonstrated the presence of
local electric fields in dye-sensitized TiO2 nanoparticles, as evidenced from the shifts in
transient

absorption

spectra,

photo-induced
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absorption

and

Stark

absorption

investigations.69-75 Although local electric fields are observed at photovoltaic interfaces,
their use in enhancing the 2PA cross-sections has not yet been not addressed.
Recently, Rebane and co-workers, working on fluorescent proteins76-78 have shown that
the local electric fields can have a marked influence on the 2PA cross-sections. The effect
of local electric field on the 2PA cross-sections of chromophores can be understood as
follows. In a sum-over states formalism,76 the two-state 2PA cross-section (𝛿2−𝑠𝑡𝑎𝑡𝑒 ) is
given by:
𝛿2−𝑠𝑡𝑎𝑡𝑒 =

2(2𝜋)4 𝑓𝐿4
15(𝑛ℎ𝑐)2

2

2

⃗⃗⃗⃗⃗⃗⃗⃗⃗
⃗⃗⃗⃗⃗⃗⃗
(1 + 2𝑐𝑜𝑠 2 𝜃)|𝑀
𝑔𝑒 | |∆𝜇𝑔𝑒 | 𝑔(2𝜈)

5.2

where ⃗⃗⃗⃗⃗⃗⃗
𝑀𝑔𝑒 is the transition dipole moment vector between the ground state (g) and
excited state (e), ⃗⃗⃗⃗⃗⃗⃗⃗⃗
∆𝜇𝑔𝑒 the difference between the permanent dipole moments in the
ground and excited state and 𝜃 is the angle between these two vectors; 𝑔(2𝜈), is the
normalized line shape function, 𝑛 is the refractive index, 𝑐 the speed of light, ℎ is
Planck’s constant, and 𝑓𝐿 is the local field factor (optical) given by 𝑓𝐿 = (𝑛2 + 2)/3.
It can be seen that the 2PA cross-section of chromophore is proportional to the square
of change in dipole moment and change in permanent dipole moment. The local electric
fields of catechol-TiO2 systems can contribute to changes in dipole moment via an
increase in induced dipole moment:
0
𝑖𝑛𝑑
0
∆𝜇𝑔𝑒 = ∆𝜇𝑔𝑒
+ 0.5∆𝜇𝑔𝑒
= ∆𝜇𝑔𝑒
+ 0.5(∆𝛼)𝐸

5.3

0
where ∆𝜇𝑔𝑒
corresponds to the permanent dipole moment change in the zero field

situation, ∆𝛼 = 𝛼𝑒 − 𝛼𝑔 is the change in polarizability between ground and excited
states and E is the local electric field. From the results of the 2PA enhancement, one can
0
estimate the local electric field on the surface of catechol/TiO2. The ∆𝜇𝑔𝑒
for Coum-Cat
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and Coum-Dopa were determined from Lippert-Mataga plots79-81 (will be discussed in
Chapter 6) and found to be 6.9 ± 0.5 D and 6.8 ± 0.5 D respectively. An estimated a ∆𝛼
value of 10 Å3 for the investigated dye systems suggests that their structures are closer to
the coumarin dye molecule whose ∆𝛼 was determined from Stark absorption
spectroscopy.82 Combining all the data for Coum-Cat, a local electric field on the surface
of TiO2 was estimated to be around 1.1 ± 0.3 MV/cm. However, the electric field
experienced by Coum-Dopa was found to be around 0.3 ± 0.1 MV/cm. The differences in
electric fields can be attributed to the distance of the chromophore from the surface of
TiO2 where maximum electric fields are present near the surface. It has been shown83-84
that the electric field decays exponentially with the distance, as observed in organic
photovoltaics. This result confirms that the strategy of forming LMCT complexes with
TiO2 surfaces can create necessary interfacial electric fields to enhance the 2PA crosssections of the attached dye molecules as shown in Figure 5.19.

Figure 5.19. The linker molecule (catechol) forms a CT complex with TiO2 this results in
a dipole, and with the attachment of a chromophore (coumarin), there is an induced
change in dipole moment of the chromophore from the catechol (shown in purple)
The Cat/TiO2 charge-transfer complexation creates an electric field on the surface
of TiO2 that induces a change in dipole moment for the Coum-cat chromophore. The
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change in the dipole moment was estimated to be around 6.1 D and we observed an
enhanced 2PA cross-section of Coum-cat upto 3.5-fold.
5.4. Conclusion
Two coumarin dye molecules (Coum-Cat and Coum-Dopa) with catechol as anchoring
groups were synthesized and their 2PA cross-sections with and without TiO2
nanoparticles were determined. The synthesized dye molecules did not inject electrons
efficiently into the surface of TiO2, which was an important condition to determine their
2PA cross-sections on the surface of TiO2. Fluorescence quantum yield measurements
supported the premise that the electron injection was inefficient. Femtosecond
fluorescence upconversion measurements also showed that the fluorescence decay was
slightly faster on the surface suggesting inefficient electron injection. Fluorescence
anisotropy measurements have confirmed that the dyes are bound to the surface of TiO2
nanoparticles. Transient absorption measurements have also shown that Coum-dopa
injects electrons slowly into the conduction band of TiO2. However, electron injection
was faster on thin film surface which can be assigned to the orientation of chromophores
in thin films. The 2PA cross-section measurements were monitored with a relative 2PEF
technique and they showed a 3.5-fold enhancement for Coum-Cat bound to TiO2 and an
enhancement close to 1.5-fold for Coum-Dopa. The mechanism behind the enhancement
can be attributed to the local electric fields created by the LMCT complex of catechol and
TiO2 that induces additional change in dipole moment and enhances the 2PA crosssections of the dye molecule. The results show that it is possible to enhance the 2PA
cross-sections of chromophores by stationing them on the surface of semiconductor
nanoparticles that possess inherent electric fields.

215

5.5. Chapter 5 Summary


The objectives of this study were to test the hypothesis of surface charge transfer
enhancement of 2PA cross-section of chromophores near semiconductor
nanoparticles. Also, to understand the mechanism behind the observed
enhancement of 2PA cross-section and find out whether it is related to local
electric field.



To accomplish the objective, two new coumarin derivatives were designed and
synthesized such that they slowly inject electrons into the conduction band of
TiO2 and possess catechol as an anchoring group that can form a charge transfer
(CT) complex with TiO2. The CT surface provides a local electric field on the
surface of TiO2.



Both the investigated chromophores did not inject electrons very efficiently into
TiO2. Coum-dopa did however show some electron injection, which was slow.
This allowed us to use TPEF to obtain the 2PA cross-sections on the surface of
TiO2.



Coum-Cat/TiO2 2PA cross-section was enhanced up to 4 times on the surface of
TiO2 while Coum-Dopa/TiO2 showed a 2-fold increase. The enhancement
differences are assigned to differences in the dipolar orientation of the
chromophores with respect to the electric field orientation.



The mechanism behind the enhancement can be attributed to local electric fields
created by the CT interaction of the catechol anchoring group with TiO2 which
induces additional change in dipole moment which results result in 2PA crosssection enhancement of both chromophores.
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CHAPTER 6

SURFACE ENHANCED TWO PHOTON ABSORPTION NEAR REACTIVE
SEMICONDUCTOR NANOPARTICLES
6.1. Introduction
In the past two decades, a substantial amount of research attention has been given
to the search of materials that have good two-photon absorption (2PA) cross-sections ().
This has been partly fuelled by the lucrative applications of 2PA in optical limiting1-3, 3D
data storage,4-63D micro/nanofabrication,6 multiphoton microscopy,7-9 photodynamic
therapy10,11 and sensing12-14. To make these applications economically viable, there is a

need for materials with good 2PA cross-sections. Several strategies have focused on
developing materials with large 2PA cross-sections that include organic chromophores.
However, the 2PA cross–sections of most effective-shelf organic chromophores have
inappropriately small 2PA cross-sections that range from 1 to 100 GM. Thus, there is a
need to find alternative options to enhance the 2PA properties.
In the pursuit of novel strategies, our group has shown from a previous study that
the 2PA cross-sections of chromophores can be enhanced on the surface of reactive
semiconductor nanoparticles.15 (Table 6.1) In the previous chapter (Chapter 5), it has
been shown that 2PA cross-sections of chromophores with catechol as an anchoring
group were enhanced on the surface of TiO2 nanoparticles. The enhancement is explained
based on the following considerations. Owing to efficient coupling of the molecular
excited state with the continuum of the conduction band in the semiconductor, interfacial
electron transfer occurs when chromophores are stationed near the surface of reactive
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semiconductor nanoparticles.19-25 It has been shown that electron transfer from the
chromophore to TiO2 can take place both adiabatically and non-adiabatically.26-29 During
adiabatic electron transfer, there is substantial mixing of electronic energy levels of the
molecular excited state and the conduction band continuum. This not only alters the
electronic energy absorption, but it also changes the dipole moment of the excited state,
thereby altering the difference between the permanent dipole moments in the ground and
⃗⃗⃗⃗⃗⃗⃗⃗⃗
excited state (∆𝜇
𝑔𝑒 ) of the chromophores, which is a critical parameter to enhance the
2PA cross-sections. Thus, the catechol anchoring group which forms interfacial chargetransfer state creates the local electric field that can enhance the 2PA cross-sections of
chromophores.
Table 6.1 2PA cross-sections of chromophores on the surface of reactive TiO2
nanoparticles10
Dye
Fl548
C519
Riboflavin
Coum-cat

2PA Cross-sections (GM)
Water
84
26
2
25

TiO2
88
110
4.3
100

The precedence of this work came from a recent study where Raman signal was
enhanced on the surface of semiconductor nanoparticles.16 Raman scattering and 2PA are
close to each other in the processes as both of them involve virtual states. Raman
scattering similar to 2PA is also very weak but becomes important at higher intensities.17
Rajh and co-workers16 have shown 103 to 104 fold enhancement of Raman signals when
they are near catechol modified TiO2 nanoparticles and assigned it as surface
enhancement of Raman scattering near semiconductor nanoparticles.
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16,18,19

The idea was

that if catechol molecules form charge-transfer complexes it can enhance and can amplify
the 2PA cross-sections of chromophores. Our previous study on Coum-Cat and CoumDopa sensitized TiO2 nanoparticles with enhanced 2PA cross-sections prove that it can be
viable mechanism. Then, a question arose if we can further amplify the 2PA crosssections of chromophores by creating significant electric fields on the surface of TiO 2
nanoparticles with surface modification by charge-transfer creating small molecules. The
answer to this question formed the main objective of this investigation.
To prove that increasing the local electric fields can enhance the 2PA crosssections of chromphores, two dye molecules were chosen. They are Coum-cat
(previously studied in Chapter 5) and Riboflavin. (Structures on the surface are shown in
Figure 6.1) These two chromophores are chosen as they do not inject electrons efficiently
into the surface of TiO2 but can act as reporters of the effect of local charge-transfer
based electric field on the 2PA cross-sections.

Figure 6.1 Systems that were chosen for reporting the effect of local electric fields on the
2PA cross-sections (A) Coum-Cat and (B) Riboflavin
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To amplify the local electric fields on the surface of TiO2, we need molecules that
can form strong charge-transfer complex with the surface of TiO2. Our group has shown
previously that along with catechol, salicylic acid and acetylacetone (acac) can form
charge-transfer complex with TiO2 nanoparticles that can provide the necessary electric
fields. Acac forms the weakest charge-transfer complex followed by salicylic acid while
catechol forms the strongest charge-transfer complex. Molecular structures of the chosen
surface modifiers are shown in Figure 6.2, The strength of local electric field however, is
dependent up on the localized nature of the charge-transfer exciton. In the case where the
CT exciton is localized on one Ti atom, it will generate a local surface state which can
enhance the surface electric field strength. On the other hand, if the exciton is localized
on more than one Ti atoms or close to the conduction band, it will be effortlessly be
delocalized, which would lower the strength of the surface electric field. It has been
shown that the former is accurate and CT exciton for catechol is quite localized50.

Catechol (cat)

Salicylic acid (Sal)

Acetylacetone (acac)

Figure 6.2 Molecular structures of the charge-transfer modifiers used in this investigation

Two-photon cross-sections and enhancement measurements were carried out on
these systems to probe this phenomenon of “surface charge-transfer enhancement of 2PA
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cross-sections”. The 2PA cross-section measurements were performed on the surface
modified-TiO2 nanoparticles after functionalizing them with Riboflavin and Coum-Cat.
The 2PA enhancement factors were measured by adding increasing amounts of surface
modifier to bare TiO2 nanoparticles and measuring their cross-sections. Theoretical
calculations were then used to predict the dipole moment of surface modified-Ti complex
in the case of Coum-cat which was be used as a standard to compare the 2PA
enhancement factors. Additional conventional Stark shift as well as transient Stark shift
measurements were made to prove the presence of local electric fields on the surface of
TiO2 nanoparticles.
6.2. Experimental Methods
6.2.1. Materials
All the starting materials used for the synthesis of Coum-cat were obtained from
Sigma-Aldrich and were used as such. Titanium isopropoxide, Methanol, ethanol and
isopropanol were obtained from Sigma-aldrich and were used as such. Nano-pure water
from Millipore Inc., was used for the synthesis of TiO2 nanoparticles and the
measurements. Coum-cat was synthesized using condensation of an amine of the
coumarin and aldehyde of the catechol linker with a ratio of 1:1. The surface modifiers
Catechol, pentane-2,4-dione (acac) and salicylic acid were obtained from Sigma and were
used as such. TiO2 nanoparticles and Coum-cat were synthesized using the procedure
outlined in chapter 5 while Riboflavin was a gift from Dr. Obare’s lab.
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6.2.2. Optical Absorption Measurements
Optical absorption measurements were carried out using a Shimadzu UV 2101 PC
absorption spectrometer. One photon fluorescence measurements were carried out using
Hitachi F2500 spectrofluorimeter.
6.2.3. 2PA Measurements
The 2PA cross-sections () were measured via two-photon excited fluorescence (2PEF)
technique. A 10-4 M Coumarin 485 solution in methanol was used as the reference over a
wavelength range of 720-900 nm with the cross-sections of the standard reported earlier.
The setup is described elsewhere. Briefly, a broad-band Ti-Sapphire oscillator (Tsunami,
Spectra Physics) was utilized for the investigations. A neutral density filter was used to
vary the power. The two-photon enhancement measurements were carried out by keeping
the power of the laser constant and taking the ratio of two photon to one photon
fluorescence from the dye molecules as a function of different concentrations of surface
modifiers shown in Figure 6.2.
6.2.4. Fluorescence Up-conversion Measurements
Time-resolved fluorescence of the riboflavin and riboflavin-functionalized TiO2 was
studied using the femtosecond fluorescence up-conversion technique described
elsewhere. The system used in our experiments was acquired from CDP Instruments Inc.,
Russia. Briefly, investigations were carried out with 400 nm excitation (second harmonic
of the fundamental at 800 nm). The polarization of the excitation beam was precisely
controlled using a Berek compensator. The solution sample was rotated continuously in a
cell of 1 mm thickness to avoid photo-bleaching. Horizontally polarized light emitted
from the sample was up-converted in a nonlinear crystal of 𝛽- barium borate using the
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pump beam at 800 nm as the gate pulse. The instrument response function was measured
using Raman scattering from water and the fitting yielded a sigma value of ~130 fs
which gives a full width half maximum of ~280 fs. Spectral resolution was realized
using a double monochromator and photomultiplier tube. The excitation power was
varied during the experiment, but was mostly in the range of 3.5 ± 0.5 mW.
Time-resolved fluorescence anisotropy measurements were carried out with parallel
and perpendicular excitations whose polarization was changed with a Berek compensator.
Fluorescence anisotropy is calculated from traces obtained after parallel (Ipar) and
perpendicular (Iper) excitation with the following equation based on the ratio of the
difference between parallel and perpendicular polarized emissions over magic angle
fluorescence.

𝐼𝑝𝑎𝑟(𝑡) −𝐺𝐼𝑃𝑒𝑟(𝑡)

𝑟(𝑡) = 𝐼

𝑝𝑎𝑟(𝑡) +2𝐺𝐼𝑃𝑒𝑟(𝑡)

6.1

The G factor accounts for the differences in sensitivities for the detection of emission in
perpendicular and parallel polarized configurations. The G factor was obtained from the
tail fitting of the anisotropy decays of perylene in methanol and Coumarin 485 in
methanol. The anisotropy measurements would confirm if the fluorescence is arising out
of the dye stationed on the surface of TiO2 nanoparticles. For a dye bound to the TiO2
surface, anisotropy would not decay in the time delay of 400 ps.
6.2.5. Transient Absorption Measurements
Femtosecond transient absorption investigations were carried out using an ultrafast
pump-probe spectrometer detecting in the visible region located at Argonne National
Laboratoy.48 The system is described elsewhere.48 In brief, 1 mJ, 100 fs pulses at 800 nm
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with a repetition rate of 1 KHz were obtained from Nd:YLF (Empower) pumped Ti:sapphire
regenerative ampliﬁer (Spitﬁre, Spectra-Physics) with the input from Millennia pumped Ti:
sapphire oscillator (Spectraphysics, Tsunami). The output of laser beam was split to generate
pump and probe beam pulses with a beam splitter (85% and 15%). The pump beam was
produced by an optical parametric amplifier. The pump beam used in the present
investigation, i.e., 420 nm, was obtained from the fourth harmonic of the idler beam. The
probe beam was delayed with a computer-controlled motion controller and then focused into
a 2 mm sapphire plate to generate white light continuum. The white light was then
overlapped with the pump beam in a 2 mm quartz cuvette containing the sample, and the
change in absorbance for the signal was collected by a CCD detector (Ocean optics). Data
acquisition was controlled by the software from Ultrafast systems inc. Typical power of the
probe beam was around 10 µJ/cm2 while the pump beam was around 400 µJ/cm2. Magic
angle polarization was maintained between the pump and probe using a wave plate. The
pulse duration was obtained from the nonresonant ﬁtting of the solvent response, which was
around 130 fs. Most of the measurements were carried out on thin films. To probe the effect
of catechol on the transient absorption, thin films were soaked with a solution possessing
catechol and dried and then the measurements were carried out.

6.3. Results and Discussion
6.3.1. 2PA Cross-section Measurements
In the previous chapter, we have shown how the 2PA cross-section of Coum-Cat
was enhanced by 3.5-fold when it is attached to the surface of TiO2 nanoparticles. To
avoid repetition, we are not discussing the 2PA cross-section results or fluorescence
upconversion or transient absorption results for Coum-Cat as they were already discussed
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in Chapter 5. However, we will focus on further enhancement of 2PA cross-sections of
Coum-Cat with the addition of surface modifiers. On the other hand, detailed results on
the 2PA cross-sections of Riboflavin are provided here. Riboflavin attaches to the surface
of TiO2 via a phosphonate linking group. The 2PA cross-sections were determined in
solution and on the surface of TiO2 nanoparticles. Shown in Figure 6.3 is the plot of 2PA
cross-section as a function of wavelength for Riboflavin in water and on the surface of

2PA cross-section (GM)

TiO2 nanoparticles (10 g/L).
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Figure 6.3. 2PA cross-section plot for riboflavin in water and on the surface of TiO2
nanoparticles
Note from Figure 6.3 that the 2PA cross-section of riboflavin is less nearing only
4 GM. It is expected for riboflavin as the transitions do not have greater transition dipole
moments because of weaker -* and n-* transitions. However, the cross-sections are
amplified by as much as 2-fold when it is attached to TiO2 nanoparticles. Here again, the
results show that the 2PA cross-sections of chromophores can be enhanced when they are
attached to reactive TiO2 nanoparticles. For the completeness sake it has to be mentioned
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here that there is no enhancement of 2PA cross-section when riboflavin was attached to
ZrO2 nanoparticles which is an inert surface.
6.3.2. Fluorescence Upconversion Measurements
To prove that riboflavin is attached to TiO2 nanoparticles and the efficiency of
electron injection is inefficient, fluorescence upconversion measurements on riboflavin in
water and on the surface of TiO2 nanoparticles were carried out. Shown in Figure 6.3A
are the fluorescence kinetic decay traces for riboflavin in water and riboflavin on the
surface of TiO2 at an emission wavelength of 520 nm after excitation at 400 nm.
Riboflavin in water decay can be best fit with a two-exponential function, one being 3 ps
followed by long-lived excited state decay. However, riboflavin on TiO2 has shown a
faster decay representing elements of electron injection. But, it has to be mentioned here
that the fluorescence decay was slower compared to other organic dye sensitized TiO2
nanoparticles. The slow components of electron injection for Riboflavin on TiO2 can be
assigned to weaker electronic coupling of the dye with the surface of TiO 2 nanoparticles
as it binds to TiO2 with a long alkyl chain in between them making bond electron transfer
inefficient.
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Figure 6.4. (A) Fluorescence kinetic decay traces for riboflavin in water and on the
surface of TiO2 nanoparticles monitored at 520 nm. (B) Corresponding fluorescence
anisotropy decay traces

Fluorescence anisotropy decay traces for riboflavin in water and on the surface of
TiO2 nanoparticles (Figure 6.3B). The anisotropy of riboflavin decayed very fast in water
and is attributed to the rotational relaxation of the dye molecules which can be easily
explained by Stoke’s hydrodynamic theory. On the other hand, the fluorescence
anisotropy does not decay with the time delay of 500 ps. The results support the idea that
the dye is attached to the surface of the TiO2 nanoparticles and the emission is arising out
of the dye binding to the TiO2 nanoparticles and not from simple dye molecules that did
not attach to the surface.
6.3.3. 2PA Enhancement Measurements
The central objective of the study is to study the effect of surface modification by
small molecules that form charge-transfer complexes with TiO2 on the 2PA properties of
chromophores that are stationed on the surface of semiconductor surface. As discussed
above, two systems were investigated, one is that of Coum-Cat and another is Riboflavin.
2PA enhancement studies were carried out on each of the systems.
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6.3.3.1. Coum-Cat/TiO2
2PA cross-sections of Coum-Cat/TiO2 were measured with increased concentrations of
small molecules such as cat and sal, which form strong LMCT complexes.50,58-60 Also,
comparative measurements were carried out with acac that will not form charge-transfer
complex with TiO2. The relative 2PA enhancement (

𝛿(𝑐𝑎𝑡−𝑇𝑖𝑂2 )
𝛿 (𝑇𝑖𝑂2 )

) of the dye was followed

with the addition of cat and sal molecules that can increase the strength of interfacial
electric fields. Shown in parts A, B and C of Figure 6.4 are one photon, two photon and
normalized two-photon fluorescence spectra of Coum-Cat/TiO2 with the addition of
catechol molecules. Solutions with same Coum-Cat/TiO2 concentrations (20 mM of dye
and 10 g/L of TiO2) and differing amounts of catechol were added to probe the influence
of surface modification on the enhancement of 2PA cross-sections. It can be seen that in
both one-photon (Figure 6.4A) and two-photon (Figure 6.4B) fluorescence cases, the
fluorescence of Coum-Cat reduces drastically with the addition of catechol suggesting
that catechol is attaching to the surface of TiO2 reducing the percent absorbance by
catechol. The relative 2PA enhancement was calculated from the ratio of two-photon to
one-photon fluorescence. The plot of relative 2PA enhancement vs catechol
concentration is shown in Figure 6.4D. The results indicate an increase in 2PA crosssection and a maximum of more than 10-fold enhancement was observed. We were
unable to carry out more measurements as the one photon fluorescence is quenched
significantly making the measurements unreliable.
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Figure 6.5. Fluorescence of Coum-Cat as a function of catechol concentrations after (A)
one photon excitation at 400 nm and (B) two-photon excitation at 800 nm. Also, shown
in the inserts are changes in fluorescence as a function of catechol concentration. (C)
Normalized fluorescence spectra at different catechol concentrations showing the effect
of catechol on the peak maxima, a probable case of linear Stark effects. (D) Relative 2PA
enhancement calculated from the ratio of two-photon to one-photon fluorescence
Another interesting trend that is observed in Figure 6.4C is the normalized
fluorescence of Coum-cat as a function of catechol that has shown consistent shift to
longer wavelengths that can be assigned to linear Stark shifts that arise from the local
electric fields. Similar measurements were also carried out for Coum-cat/TiO2 with
varying concentrations of sal and an enhancement close to 40-fold was observed. Here
again, the normalized fluorescence of Coum-Cat/TiO2 was shifted to longer wavelengths
again confirming the presence of local electric fields and their effect on 2PA crosssection enhancement.
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However, an interesting trend has emerged for Coum-Cat/TiO2 with the addition
of acac. It has been shown in our previous study (Chapter 3) that acac forms a weaker
charge-transfer complex with the surface of TiO2. The measurements of one photon
(Figure 6.5A), two-photon (Figure 6.5B) were carried out for Coum-Cat/TiO2 with the
addition of different acac concentrations. The relative 2PA enhancement was calculated
from the obtained results and corresponding plot is shown in Figure 6.5D. It can be
observed from Figure 6.5D that there is no change in 2PA cross-sections even at the
highest concentration of acac. The results clearly indicate the influence of the effect of
charge-transfer complexation on the 2PA enhancement. As acac does not form strong
charge-transfer complex, it does not generate significant electric fields on the surface of
TiO2 and hence no 2PA enhancement was observed. Further evidence for the absence of
local electric fields can be obtained from the plot of normalized one photon fluorescence
spectra as a function of acac concentration (Figure 6.5C). Note the absence of
fluorescence maximum shift with the addition of acac further confirming the absence of
local electric fields.
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Overall, the 2PA enhancement measurements carried out for Coum-Cat/TiO2 with
the addition of different surface modifiers show the following trend. (Figure 6.6)
Addition of catechol and salicylic acid modifiers to the surface of TiO2 nanoparticles has
enhanced the 2PA cross-section by more than 10-fold. However, no such enhancement
was observed for the addition of acac. The results further confirm that cat and sal form
strong charge-transfer complexes with the surface of TiO2 nanoparticles and increase the
electric field on the surface of TiO2 while acac does not increase the local electric fields.
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The results have validated our hypothesis that the local electric fields on the surface of
TiO2 can enhance the 2PA cross-sections by more than 10-fold.
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Figure 6.7. The 2PA enhancement factors calculated for Coum-cat/TiO2 with the
addition of acac, sal and cat modifiers.
6.3.3.3. Riboflavin/TiO2
To further the understanding of 2PA enhancement on the surface of reactive
nanoparticles, measurements were carried out on another dye molecule Riboflavin which
is structurally different from Coum-Cat. Steady-state and time-resolved fluorescence
results show that riboflavin binds with TiO2 nanoparticle and an increase in 2PA crosssection by 2-fold was observed for riboflavin on the TiO2 surface. 2PA enhancement
measurements were carried out for Riboflvain/TiO2 systems with the addition of surface
modifiers like cat, sal and acac. Figure 6.7A and 6.7B shows one-photon and two-photon
fluorescence spectra of riboflavin/TiO2 after excitation at 400 nm and 800 nm,
respectively. Here also, both one and two-photon fluorescence quench with the addition
of cat with maximum effect observed for one photon case than that of 2-photon. Relative
2PA enhancement calculated from the ratio of two-photon fluorescence to one photon
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fluorescence shows that there is more than 10-fold enhancement with the addition of cat
(Figure 6.7D). Normalized fluorescence spectra of riboflavin/TiO2 with the addition of
cat also show a shift to longer wavelength confirming the presence of local electric fields
(Figure 6.7C).
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Similar 2PA enhancement measurements were carried out for riboflavin/TiO2 at
different concentrations of sal. Figure 6.8A and 6.8B shows one-photon and two-photon
fluorescence spectra at different sal concentrations after excitation at 400 nm and 800
nm, respectiely. Both of them show a decrease in fluorescence with increase in sal
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concentrations. The relative 2PA enhancement has shown only 2-fold enhancement for
riboflavin with the addition of sal. (Figure 6.8D) The shift in normalized fluorescence
spectra was there but quite smaller when compared to that of cat suggesting smaller
influence of local electric fields with sal and thus the enhancement was smaller. (Figure
6.8C)

A

160k

B

Riboflavin/TiO2

20k
Riboflavin/TiO2 with
salicylate

16k

with salicylate

Fl. Counts

Fl. Counts

120k
One photon PL

80k

40k

0

12k
2 Photon PL

8k
4k

480

520

560

600

0

640

480

520

Wavelength (nm)

C 1.0

2PA cross-section enhancement

Norm Fl Inensity

600

4

Riboflavin/TiO2
with addition of sal

3

0.8

D

Riboflavin/TiO2- Sal

2

0.6
Small shift in
fluorescence maximum

0.4

1

0.2
0.0

560

Wavelength (nm)

500

550

600

650

Wavelength (nm)

2 times enhancement - Sal

0.0

0.3

0.6

0.9

1.2

1.5

Concentration of Surf Modifier (mM)

Figure 6.9. Fluorescence of Riboflavin/TiO2 as a function of sal concentrations after (A)
one photon excitation at 400 nm and (B) two-photon excitation at 800 nm. (C)
Normalized fluorescence spectra at different sal concentrations. (D) Relative 2PA
enhancement calculated from the ratio of two-photon to one-photon fluorescence as a
function of sal concentration.
Much smaller 2PA enhancement was observed for Riboflavin/TiO2 with the
addition of acac after analyzing the one-photon (Figure 6.9A), two-photon fluorescence
(6.9B) spectra as a function of acac. There was no change in 2PA cross-sections with the
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addition of acac (Figure 6.9D). This result was further corroborated by the absence of
local electric fields on the surface of TiO2 with little changes in normalized fluorescence
spectra with the addition of acac. (Figure 6.9C)
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The 2PA enhancement measurements of Riboflavin/TiO2 have shown similar
trends to that of Coum-Cat/TiO2 where cat and sal that formed charge-transfer complex
with TiO2 has shown greater effect while no enhancements were observed with acac.
(Figure 6.10)
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Figure 6.11. The 2PA enhancement factors calculated for Riboflavin/TiO2 with surface
modifiers acac, sal and cat modifiers

6.3.3.5. Mechanistic Details
The 2PA cross-section enhancement measurements have shown that it is possible to
amplify the 2PA responses of chromophores by placing them on the surface modified TiO 2
nanoparticles. The mechanism can be attributed to the presence of local electric fields. The
effect of local electric fields was manifested in the normalized fluorescence spectral maxima
of Coum-Cat/TiO2 and riboflavin/TiO2, which were effected significantly by small molecules
that gave maximum 2PA enhancement. This can be ascribed to the linear Stark shifts where
the electric fields shift the emission to longer wavelengths. Further confirmation of the
presence of local electric fields can be obtained from femtosecond transient absorption
measurements that can show the presence of transient Stark effects.
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6.3.4. Ultrafast Transient Absorption Measurements
6.3.4.1. Coum-Cat/TiO2 – Effect of Catechol Addition
As explained in Chapter 5, the transient absorption spectrum of Coum-Cat/TiO2
thin film was dominated by the catechol forming CT complex with TiO2 and it gives us a
bleach with maximum at 450 nm. (Figure 6.11A) With increase in time delay, the bleach
is shifted to longer wavelengths further establishing the electric fields. We have
monitored the transient spectrum of the same film after the addition of catechol onto the
film. Interesting spectral features were observed that were depicted in Figure 6.11B. The
bleach maximum at initial time delay is shifted to 442 nm suggesting that the addition of
catechol modified the TiO2 surface created additional electric field that shifted the bleach
to higher energies. The shift was to high energies because of the orientation of the dipole
with respect to the electric field created by catechol/TiO2 CT complex.

Figure 6.12. (A) Transient absorption profile of Coum-Cat/TiO2 thin film after excitation
at 420 nm. (B) Shift of transient absorption spectrum to higher energies with the addition
of catechol to TiO2/Cat thin film
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6.3.4.2. Transient Absorption Measurements on Riboflavin/TiO2 – Effect of
Catechol Addition
Unlike the measurements on Coum-Cat/TiO2 systems, the transient absorption of
Riboflavin/TiO2 is mostly dominated by the transient characteristics of riboflavin. Shown
in Figure 6.12A are the excited state absorption (ESA) at different time delays for
Riboflavin/TiO2 after excitation at 420 nm. The transient at 100 fs is dominated by a
negative feature at 450 nm, a positive centered at 510 nm, another negative absorption at
552 nm and a broad absorption with a maximum at 680 nm. The negative absorption at
450 nm is attributed to the bleach of Riboflavin/TiO2 complex and it matches quite
closely with that of the disappearance of absorption spectrum. The negative absorption at
552 nm is attributed to stimulated emission from the dye. Other positive absorption
features arise from the ESA of the singlet state. With an increase in time delay, electron
injection occurs from riboflavin to TiO2 which is complete by 200 ps to give rise to
positive absorption centered at 530 nm and 620 nm. These positive absorption features
are assigned to the cation radical of Riboflavin. Current results show that the electron
injection from Riboflavin to TiO2 is multi exponential and time scales of 1.7 ps and 36 ps
were observed. (Figure 6.12B) The results obtained here match closely with what was
observed in fluorescence decay measurements.
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Figure 6.13. (A) ESA at different time delays for Riboflavin/TiO2 after excitation at 420
nm. (B) Species associated spectra obtained from global fit analysis that represents slow
electron injection components of 1.7 ps and 36 ps

The effect of catechol/TiO2 was manifested in the peak shifts in Coum-Cat/TiO2
transient absorption with the addition of catechol. Similar studies were carried out on
Riboflavin/TiO2 with the addition of catechol to Riboflavin/TiO2 thin film. Shown in
Figure 6.13A are the ESA at different time delays for Riboflavin/TiO 2 with the addition of
catechol. The transients observed here matched closely with what were observed without the
addition of catechol (Figure 6.12 A) except for small changes in the stimulated emission
maxima. Global fit analysis of Riboflavin/TiO2 (Figure 6.13B) also produces time constants
similar to the one without catechol except that the time constants were little longer.
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Figure 6.14. (A) ESA at different time delays for Riboflavin/TiO2 with the addition of
catechol after excitation at 420 nm. (B) Species associated spectra obtained from global
fit analysis that represents slow electron injection components of 2.4 ps and 47 ps

To probe if the catechol addition to TiO2 generated any electric fields, comparisons of
the species associated spectra obtained with and without the addition of catechol for
Riboflavin/TiO2 were made and are shown in parts A and B of Figure 6.14. Note the short
time scale electron injection associated spectra (Figure 6.14A), the transient species are
similar with and without the addition of catechol except for the stimulated emission peak at
552 nm. The stimulated emission peak at 552 nm without catechol is shifted to 547 nm with
the addition of catechol. This shift in the stimulated emission can be attributed to the transient
stark effects, which were maximum at initial time delays. However, it is interesting to note
the absence of such shifts for the long component of electron injection where both systems
would feel similar electric fields. This is one of the first observations using transient
absorption measurements where the presence of local electric fields with catechol forming
charge-transfer complex with TiO2 was shown.
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without addition of catechol for (A) short time component and (B) long time component

6.3.5. How do Electric Fields Influence 2PA Cross-sections?
An important observation made here is that the 2PA cross-sections of any
chromophore can be amplified if it is placed near the surface modified semiconductor
nanoparticles that form strong charge-transfer excitons. These excitons create local
nanoscopic electric fields. Ultrafast charge transfer from the chromophores to TiO2
generates a local nanoscopic electric field30,31 This is a consequence of the resulting
injected electrons in TiO2 and the cation radical of the dye32-38. Since of electron transfer
is faster than nuclear equilibration, an electron transfer event is usually accompanied by a
variation of the electric field for the chromophore on the surface. Such charges are
screened very effectively by polar solvents in solution. However, the screening is not
very efficient for chromophores on the surface and results in a local electric field.38 An
additional electric field normal to the semiconductor surface electric field be induced by
⃗⃗⃗⃗⃗⃗⃗⃗⃗
this electric field. The induced electric field increases ∆μ
ge which in turn, enhances the
2PA cross-section of chromophores. (Figure 6.15) This phenomena has been recently
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reported where local surface electric fields were observed for dye-sensitized TiO2
nanoparticle systems35-37,39 These electric fields generated by the surface modifiers can
amplify the 2PA responses of the chromophores.

Figure 6.16. Mechanistic scheme of how the charge transfer from the small molecules
results in a local electric field that results in a surface electric field which induces a
change in the dipole moment of the chromophore resulting in the enhancement of 2PA

The effect of local electric field on the 2PA cross-sections of chromophores can be
understood as follows. In a sum-over states formalism,76 the two-state 2PA cross-section
(𝛿2−𝑠𝑡𝑎𝑡𝑒 ) is given by:

𝛿2−𝑠𝑡𝑎𝑡𝑒 =

2(2𝜋)4 𝑓𝐿4
15(𝑛ℎ𝑐)2

2

2

⃗⃗⃗⃗⃗⃗⃗⃗⃗
⃗⃗⃗⃗⃗⃗⃗
(1 + 2𝑐𝑜𝑠 2 𝜃)|𝑀
𝑔𝑒 | |∆𝜇𝑔𝑒 | 𝑔(2𝜈)

6.2

where ⃗⃗⃗⃗⃗⃗⃗
𝑀𝑔𝑒 is the transition dipole moment vector between the ground state (g) and
excited state (e), ⃗⃗⃗⃗⃗⃗⃗⃗⃗
∆𝜇𝑔𝑒 the difference between the permanent dipole moments in the
ground and excited state and 𝜃 is the angle between these two vectors; 𝑔(2𝜈), is the
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normalized line shape function, 𝑛 is the refractive index, 𝑐 the speed of light, ℎ is
Planck’s constant, and 𝑓𝐿 is the local field factor (optical) given by 𝑓𝐿 = (𝑛2 + 2)/3. It
can be seen that the 2PA cross-section of chromophore is proportional to the square of
change in dipole moment and change in permanent dipole moment. The local electric
fields of catechol-TiO2 systems can contribute to change in dipole moment via an
increase in induced dipole moment:

0
𝑖𝑛𝑑
0
∆𝜇𝑔𝑒 = ∆𝜇𝑔𝑒
+ 0.5∆𝜇𝑔𝑒
= ∆𝜇𝑔𝑒
+ 0.5(∆𝛼)𝐸

6.3

0
Where ∆𝜇𝑔𝑒
corresponds to the permanent dipole moment change in the zero field

situation, ∆𝛼 = 𝛼𝑒 − 𝛼𝑔 is the change in polarizability between ground and excited states
and E is the local electric field. To have an idea about the polarizability, sample theoretical
calculations were made using density functional theory calculations and the change in dipole
moments for Coum-Cat were measured with Lippert-Mataga analysis.

6.3.6. Theoretical Calculations
The basis sets selected for each computation was centered on their ability to give
good results over a wide range of molecular geometries and still small enough to have the
problem computationally tractable.
6.3.6.1. Optimization of the Coum-cat Structure
The structures were drawn with Chemdraw 12.0 software. They were then copied
onto and optimized on Gaussview 5.0 software. A basis set of STO-3G was selected for
the optimization procedure because it was small (a minimal basis set that is most
commonly used) and sufficient enough to optimize the molecular structure for the
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calculations we were interested in. Ground state-Hatree-Fock method using quadratically
convergent SCF was used for this calculation. The Optimized structures were then used
for ground state polarizabilty measurements
6.3.6.2. Ground State Polarizability
The optimized molecular structures from the above procedure were used to
calculate the groundstate polarizability using DFT on the Gaussview 5.0 software. The
Groundstate-Hatree-Fock method was used to calculate the energy of the molecular
structures. A 6311++G basis set was used which is an extended basis set that was a
significant improvement on minimal basis set used in the optimization. It added
polarization to all atoms, and improved the modeling of core electrons while adding
polarization and diffuse functions to hydrogens which we were interested in. We
recorded exact ground state polarizabilty of Coum-cat at 252.518 D
6.3.6.3. Ground and Excited State Dipole Moments
The effect of solvents on the absorption and fluorescence of organic molecules
has been a theme of numerous interesting investigations.51 The photo-excitation of a
molecule usually causes a redistribution of charges within the molecule which in turn
induces conformational changes in the excited state. This can result in the raising or
lowering of the excited state dipole moment in relation to the ground state. The dipole
moment of a molecule in the ground and the excited state differ as a consequence of the
changes of electron densities in these states. A change in solvent results in the change in
polarizability of the surrounding medium, i.e. its dielectric constant and polarity which
affects the ground and excited state differently. In essence, the bulk dielectric constant
(𝜀) and refractive index (𝑛) of the solvent significantly affect the dipole moment of solute
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molecule.52-54Therefore a systematic analysis of the solvent effect is very informative in
the study of the excited state behavior and both electronic and geometric structure of the
molecule.
Quantum mechanical second order perturbation theory55

was employed to

monitor the dependence of the absorption (𝑣𝑎 ) and emission maxima (𝑣𝑓 ) on the solvent.
The two relations below were used in to estimate the excited state dipole moments of
molecules in different solvents of varying dielectric constant(𝜀) and refractive index (𝑛).
𝑣𝑎 − 𝑣𝑓 = 𝑚1 𝑓(𝜀, 𝑛) + const.

6.4

𝑣𝑎 + 𝑣𝑓 = 𝑚2 ∅(𝜀, 𝑛) + const.

6.5

With
𝑓(𝜀, 𝑛) =

2𝑛2 −1
𝑛2 +1

𝜀−1

𝑛2 −1

[𝜀+2 − 𝑛2 +2] + 𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡

6.6

As the solvent polarity function and
∅(𝜀, 𝑛) = 𝑓(𝜀, 𝑛) + 2𝑔(𝑛)

6.7

Where
3

𝑛4 −1

𝑔(𝑛) = 2 [(𝑛2 +2)2 ]

6.8

With
𝑚1 =

2(𝜇𝑒 −𝜇𝑔 )2
ℎ𝑐𝑎03

6.9

And
𝑚2 =

2 )2
2(𝜇𝑒2 −𝜇𝑔

ℎ𝑐𝑎03

6.10

The parameters 𝑚1 and 𝑚2 can be determined from Equation (1) and (2) which
are the absorption and fluorescence band shifts respectively, while the values 𝜇𝑔 and 𝜇𝑒
in equation (6) and (7) represent the dipole moments of the ground and the excited state.
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ℎ being plank’s constant, 𝑐 the velocity of light in vacuum and 𝑎0 the cavity radius of the
solute molecules. The cavity radius was 𝑎0 was computed from the molar volume of the
laser dyes by means of the relation54.
3𝑀

1/3

𝑎0 = (4𝜋𝛿𝑁)

6.11

Where M is the molecular weight of the solute, 𝛿 is the density of the solute, and
𝑁 the Avogadro’s number. Based on the equations (6) and (7) the following equations are
obtained on condition the ground and the excited states are parallel.
𝜇𝑔 =

𝑚2 − 𝑚1

𝜇𝑒 =

𝑚2 + 𝑚1

2

2

1/2

ℎ𝑐𝑎3

[ 2𝑚 0 ]

6.12

1

ℎ𝑐𝑎3

1/2

[ 2𝑚 0 ]

6.13

1

Absorption and fluorescence spectra of Coum-cat was recorded in solvents of
different dielectric constants () and refractive index (). Figure 6.16 shows the
characteristic absorption and fluorescence spectra of Coum-cat and obtained in the
solvent methanol.
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Figure 6.17. Absorption and emission spectra of Coum-cat in methanol
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Absorption and fluorescence spectra were taken in solvents of different polarities
to measure the change in dipole moments for Coum-Cat. Correspondiong absorption and
emission maxima, refractive index and dielectric constants of Coum-Cat in different
solvents are provided in Table 6.2. The emission spectra in methanol had a maxima of
481 nm (Coum-cat) which shifted depending on the solvent. The emission showed a
larger shift compared to the absorption maximum.

Table 6.2. Solvent effects on the absorption and emission maxima of Coum-Cat
Solvent
Hexane
Cyclohexane(CHX)
Ethyl acetate (EA)
Dichloromethane
Acetonitrile (ACN)
Methanol
CHX:EA (90:10)
CHX:EA (70:30)
CHX:EA (50:50)
CHX:EA (30:70)
CHX:EA (10:90)
EA:ACN (90:10)
EA:ACN (70:30)
EA:ACN (50:50)
EA:ACN (30:70)
EA:ACN (10:90)

Coum-cat
abs(nm)
em(nm)
343.5
400.0
348.3
398.5
367.0
447.0
359.0
436.0
364.0
460.0
376.0
480.5
356.0
432.5
363.0
443.5
364.6
441.5
362.0
444.0
366.3
446.0
367.1
450.0
366.3
455.0
366.9
456.5
365.8
459.0
364.7
459.5





1.88
2.023
6.02
8.93
37.5
32.7
2.4227
3.2221
4.0215
4.8209
5.6203
9.168
15.464
21.76
28.056
34.352

1.3749
1.4262
1.3724
1.4241
1.3441
1.3284
1.42082
1.29834
1.3993
1.38854
1.37778
1.36957
1.36391
1.35825
1.35259
1.34693

abs and em are absorption and emission maxima respectively. andare the dielectric
constant and refractive index55,56
In order to estimate the difference in the ground and excited dipole moments of
the solute molecules, the spectral shifts in cm-1 were calculated and plotted against the
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solvent polarity 𝑓(𝜀, 𝑛) parameters as shown in Figure 6.17. A linear progression was
done using Origin 8.0 and the data was fit into a straight line.
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Figure 6.18 The variation of stokes shift with f(ε, n) in different solvents for Coum-cat
as per Equation (1)
The slopes of the fitted lines were found to be 5147 cm-1 (Coum-cat) The cavity
radius of the solutes were calculated using Chemdraw 12.0 and found to be 4.62 Å for
Coum-Cat and the corresponding change in dipole moment were 6.93D. Using this
change in dipole moment, we have estimated the local electric field on the surface of
TiO2 to be 0.7 MV/cm, which has increased to as high as 10 MV/cm with the addition of
catechols to TiO2 nanoparticles.
6.4. Conclusion
To prove the principle that it is possible to enhance the 2PA cross-sections of
chromophores by stationing them on reactive surface modified TiO2 nanoparticles,
measurements on Coum-Cat/TiO2 and Riboflavin/TiO2 were carried out. The 2PA results
have shown that with the addition of catechol and salicylic acid that form strong chargetransfer complexes with TiO2, enhancements reaching as high as 30-fold were observed.
However, no such enhancement was observed with acac, which forms a weak charge260

transfer complex with TiO2. The results are attributed to the amplified local electric fields
with the addition of surface modifiers like catechol and salicylic acid. The evidence for
the electric fields was observed in the shift of fluorescence to longer wavelengths for
Coum-Cat/TiO2 and Riboflavin/TiO2 with the addition of small molecules that form
charge-transfer excitons. No shift in the fluorescence maxima were observed with the
addition of catechol as it forms a weak charge-transfer complex. Ultrafast transient
absorption measurements have also shown the presence of transient stark effects in the
presence of catechol on thin film samples. From the calculations, local electric fields as
high as 10 MV/cm were determined for catechol passivated TiO2 nanoparticles. From the
current investigations, we have shown that it is possible to enhance the 2PA crosssections of chromophores to large numbers by just placing them on appropriate surface
modified semiconductor nanoparticles.
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6.5. Chapter 6 Summary


The research objectives of this study were to investigate the influence of
interfacial electronic coupling on the 2PA cross-sections of chromophores
attached to TiO2 semiconductor nanoparticle surface. To understand the
relationship between the strength of the surface electric field and 2PA
enhancement.



2PA cross-sections of Coum-Cat and Riboflavin were monitored in the presence
of surface charge-transfer modified TiO2 nanoparticles. The surface of TiO2
nanoparticles was modified by molecules that form charge-transfer complexes
with TiO2 like catechol and salicylic acid. These surface CT modified
nanoparticles possess large local electric fields, which can enhance the 2PA crosssections of chromophores that are near them.



Surface enhancement of electric field can enhance the 2PA cross-section of
chromophores by as much as 20 fold with surface modification of TiO2 with
charge-transfer forming small molecules such as catechol and salicylic acid.
However no enhancement was observed with small molecules like acac and
benzoic acid that form weak or no CT complexes with TiO2.



Experimental investigations using steady-state absorption, fluorescence and
transient absorption have shown the presence of electric fields on the surface of
TiO2 where a shift to longer wavelengths was observed.



We have successfully shown that it is possible to enhance the 2PA cross-sections
of chromophores by stationing them on surfaces with local aligned electric fields

262

6.6. References
1. Lee, W. T.; Alan, K. Optical limiting performance of C60 and C70 solutions. Nature
1992, 19, 225-226.
2. Ehrlich, J.; Wu, X.; Lee, I.; Hu, Z.; Röckel, H.; Marder, S.; Perry, J. Two-photon
absorption and broadband optical limiting with bis-donor stilbenes. Opt. Lett. 1997,
22, 1843-1845.
3. Wang, J.; Blau, W. J. Inorganic and hybrid nanostructures for optical limiting. J. Opt.
2009, 11, 024001.
4. Parthenopoulos, D. A.; Rentzepis, P. M. Three-Dimensional Optical Storage Memory.
Science 1989, 245, 843-845.
5. Belfield, K. D.; Schafer, K. J. A new photosensitive polymeric material for WORM
optical data storage using multichannel two-photon fluorescence readout. Chem.
Mater. 2002, 14, 3656-3662.
6. Cumpston, B. H.; Ananthavel, S. P.; Barlow, S.; Dyer, D. L.; Ehrlich, J. E.; Erskine, L.
L.; Heikal, A. A.; Kuebler, S. M.; Lee, I. S.; McCord-Maughon, D. Two-photon
polymerization

initiators

for

three-dimensional

optical

data

storage

and

microfabrication. Nature 1999, 398, 51-54.
7. Denk, W.; Strickler, J. H.; Webb, W. W. Two-photon laser scanning fluorescence
microscopy. Science 1990, 248, 73-76.
8. Xu, C.; Webb, W. W. Measurement of two-photon excitation cross sections of
molecular fluorophores with data from 690 to 1050 nm. JOSA B 1996, 13, 481-491.

263

9. Larson, D. R.; Zipfel, W. R.; Williams, R. M.; Clark, S. W.; Bruchez, M. P.; Wise, F.
W.; Webb, W. W. Water-soluble quantum dots for multiphoton fluorescence
imaging in vivo. Science 2003, 300, 1434-1436.
10. He, G. S.; Zhao, C. F.; Bhawalkar, J. D.; Prasad, P. N. Two photon pumped cavity
lasing in novel dye doped bulk matrix rods. Appl. Phys. Lett. 1995, 67, 3703-3705.
11. Bhawalkar, J.; Kumar, N.; Zhao, C.; Prasad, P. Two-photon photodynamic therapy. J.
Clin. Laser Med. Surg. 1997, 15, 201-204.
12. Weerasinghe, A. J.; Schmiesing, C.; Varaganti, S.; Ramakrishna, G.; Sinn, E. Singleand multiphoton turn-on fluorescent Fe3 sensors based on bis (rhodamine). J. Phys.
Chem. B 2010, 114, 9413-9419.
13. Bhaskar, A.; Ramakrishna, G.; Twieg, R. J.; Goodson, T. Zinc sensing via
enhancement of two-photon excited fluorescence. J. Phys. Chem. C 2007, 111,
14607-14611.
14. Sumalekshmy, S.; Henary, M. M.; Siegel, N.; Lawson, P. V.; Wu, Y.; Schmidt, K.;
Brédas, J.; Perry, J. W.; Fahrni, C. J. Design of emission ratiometric metal-ion
sensors with enhanced two-photon cross section and brightness. J. Am. Chem. Soc.
2007, 129, 11888-11889.
15. Varaganti, S.; Gessesse, M.; Obare, S. O.; Ramakrishna, G. In In Dynamics and twophoton absorption properties of chromophore functionalized semiconductor
nanoparticles; SPIE Photonic Devices Applications; International Society for Optics
and Photonics: 2009, 741309-741309-10.

264

16. Musumeci, A.; Gosztola, D.; Schiller, T.; Dimitrijevic, N. M.; Mujica, V.; Martin, D.;
Rajh, T. SERS of semiconducting nanoparticles (TiO2 hybrid composites). J. Am.
Chem. Soc. 2009, 131, 6040-6041.
17. Prasad, P. N.; Williams, D. J. Introduction to nonlinear optical effects in molecules
and polymers; Wiley New York. 1991.
18. Rajh, T.; Saponjic, Z.; Liu, J.; Dimitrijevic, N. M.; Scherer, N. F.; Vega-Arroyo, M.;
Zapol, P.; Curtiss, L. A.; Thurnauer, M. C. Charge transfer across the
nanocrystalline-DNA interface: Probing DNA recognition. Nano Lett. 2004, 4, 10171023.
19. Hurst, S. J.; Fry, H. C.; Gosztola, D. J.; Rajh, T. Utilizing chemical Raman
enhancement: A route for metal oxide support-based biodetection. J. Phys. Chem. C
2010, 115, 620-630.
20. Anderson, N. A.; Lian, T. Ultrafast electron transfer at the molecule-semiconductor
nanoparticle interface. Annu. Rev. Phys. Chem. 2005, 56, 491-519.
21. Asbury, J. B.; Hao, E.; Wang, Y.; Ghosh, H. N.; Lian, T. Ultrafast electron transfer
dynamics from molecular adsorbates to semiconductor nanocrystalline thin films. J.
Phys. Chem. B 2001, 105, 4545-4557.
22. Hagfeldt, A.; Grätzel, M. Molecular photovoltaics. Acc. Chem. Res. 2000, 33, 269277.
23. Moser, J.; Grätzel, M. Excitation-wavelength dependence of photoinduced charge
injection at the semiconductor-dye interface: Evidence for electron transfer from
vibrationally hot excited states. Chimia 1998, 52, 160-162.

265

24. Weller, H. Colloidal semiconductor Q particles: chemistry in the transition region
between solid state and molecules. Angew. Chem. Int. Ed. Eng. 1993, 32, 41-53.
25. Wiederrecht, G. P.; Wurtz, G. A.; Hranisavljevic, J. Coherent coupling of molecular
excitons to electronic polarizations of noble metal nanoparticles. Nano Lett. 2004, 4,
2121-2125.
26. Duncan, W. R.; Stier, W. M.; Prezhdo, O. V. Ab I nitio Nonadiabatic Molecular
Dynamics of the Ultrafast Electron Injection across the Alizarin-TiO2 Interface. J.
Am. Chem. Soc. 2005, 127, 7941-7951.
27. Stier, W.; Prezhdo, O. V. Nonadiabatic molecular dynamics simulation of lightinduced electron transfer from an anchored molecular electron donor to a
semiconductor acceptor. J. Phys. Chem. B 2002, 106, 8047-8054.
28. Abuabara, S. G.; Rego, L. G.; Batista, V. S. Influence of thermal fluctuations on
interfacial electron transfer in functionalized TiO2 semiconductors. J. Am. Chem.
Soc. 2005, 127, 18234-18242.
29. Duncan, W. R.; Prezhdo, O. V. Theoretical studies of photoinduced electron transfer
in dye-sensitized TiO2. Annu. Rev. Phys. Chem. 2007, 58, 143-184.
30. Stark, J. Observation of the separation of spectral lines by an electric field. Nature
1913, 92, 401.
31. Boxer, S. G. Stark Realities†. J. Phys. Chem. B 2009, 113, 2972-2983.
32. Ardo, S.; Sun, Y.; Castellano, F. N.; Meyer, G. J. Excited-State Electron Transfer
from Ruthenium-Polypyridyl Compounds to Anatase TiO2 Nanocrystallites:
Evidence for a Stark Effect†. J. Phys. Chem. B 2010, 114, 14596-14604.

266

33. Ardo, S.; Sun, Y.; Staniszewski, A.; Castellano, F. N.; Meyer, G. J. Stark effects after
excited-state interfacial electron transfer at sensitized TiO2 nanocrystallites. J. Am.
Chem. Soc. 2010, 132, 6696-6709.
34. Staniszewski, A.; Ardo, S.; Sun, Y.; Castellano, F. N.; Meyer, G. J. Slow cation
transfer follows sensitizer regeneration at anatase TiO2 interfaces. J. Am. Chem. Soc.
2008, 130, 11586-11587.
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CHAPTER 7

OVERALL SUMMARY AND FUTURE PERSPECTIVE
7.1. Overall Summary
This chapter will highlight the noteworthy results from each chapter. They will be
presented as a summary and whenever needed a perspective on how this works fits into
the current and future research.
The first chapter discusses the background information on nonlinear optical
properties, applications and the role they play in current research. Two photon absorption
(2PA); a non-linear phenomenon was the main focus of the discussion that included its
applications in industry. This chapter also discussed different strategies for enhancing the
2PA cross-sections including organic, inorganic, and organometallic compounds.
However, challenges stemming from their photo-stability, aggregation and most
importantly, their synthesis made these materials less useful for industrial applications.
We chose to use a different strategy of stationing chromophores on the surface of
semiconductor nanoparticles to enhance the 2PA cross-sections that would not be
plagued by the aforementioned constraints. As such, there was an emphasis on 2PA
properties of materials at the interfaces of semiconductor nanoparticles. To further the
design, simple photo-stable molecules stationed on the surface of semiconductor surface
were deliberated as possible alternatives for making better 2PA materials that would
circumvent the aggregation problem at high concentrations and photo-degradation.
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The approach was founded on the fact that interfacial charge-transfer (ICT) from
chromophores into semiconductor nanoparticles can lead to effective dipolar perturbation
from the generation of local electric fields at the interface. The molecule-semiconductor
hybrid can therefore act synergistically to enhance the 2PA cross-sections. The outcome
of this study will contribute to not only understanding the parameters that enhance 2PA
properties but will also provide a novel strategy in the making and tuning of 2PA
materials that can be employed in specific applications.
On the other hand, interfacial electron transfer plays a crucial role in the design
and development of dye sensitized solar cells (DSSC). The biggest challenge for DSSCs
as an alternative energy source to fossil fuels is in it cost. Improving the cost to
performance ratio is the long-standing problem in this field. The use of cheaper and
readily available dyes that do not involve extensive synthesis, perform under different
conditions and that have efficient electron injection led us to consider the use of natural
dyes. This chapter also outlines some of the recent advances and problems that are
associated with interfacial electron transfer in the context of dye solar cells. An outline of
the thesis was presented as well.
Chapter 2 covers the instrumentation used to capture the ultrafast phenomena:
emission and electron injection with a time resolution of 100 femtoseconds. The unique
properties of the laser were outlined and its choice as a source for studying ultrafast and
nonlinear phenomena was detailed. The laser is a powerful and precise source and these
properties are exploited together with the fact that it can be used as an intermittent source
whose ultrafast pulses can be employed in the resolving of ultrafast phenomena. Most of
the experimental techniques discussed heavily rely on the unique properties of the laser.
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The principles behind the techniques discussed have been extensively studied and their
instrumental set up is well documented. Techniques for measuring the 2PA behavior,
monitoring fluorescence decay and probing ultrafast charge-transfer dynamics at the
molecule-semiconductor interfaces were discussed. The 2PA cross-sections of the hybrid
materials were investigated using two-photon excited fluorescence (TPEF) technique.
Fluorescence upconversion and time-correlated single photon counting (TCSPC) were
the spectroscopic tools used to study the time-resolved emission profiles and the chemical
environment of the samples. Femtosecond transient absorption (TA) measurements were
used to examine the lifetimes, excited state dynamics and the spectral signature of the
transients.
In chapter 3, a meticulous study of the dynamics of charge-transfer between
acetyacetonate (acac) derivatives attached to TiO2 nanoparticle was discussed. The role
of the acac anchoring group on interfacial electron transfer in both solution and thin film
was studied and contrasted. The main results from this chapter were that the acac
derivatives on TiO2 showed contrasting ICT dynamics in solution and thin film phases.
The delocalization of the charge transfer excited state into TiO2 was slower in solution
and exhibited slow recombination. However, on thin film the electron injection was very
fast but was accompanied by multi-exponential recombination. In solution, the dynamics
was dominated by acac derivatives forming a charge transfer (CT) complex with lower
energy acceptor states TiO2, which are the Ti(III) defect sites. This resulted in slow
delocalization of the localized charge transfer state since the electrons have to make their
way into the conduction band continuum of states. By virtue of this, the recombination is
quite slow since the conduction band is not directly related to the ground state. In thin
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film phases, acac derivatives bind with Ti(IV) without the formation of CT complex and
the electron transfer parameters are identical to other linker molecules such as
carboxylate. It has a very fast electron injection followed by a multi-exponential charge
recombination. This is because acac can only bind to the available Ti(IV) since the TiO2
on thin film as it is sintered at 823 K and does not have any defect Ti(III) states. From
the results of acac derivatives in solution, it has been shown that the relative rates are
most important. The electron injection was slow in solution but the recombination was in
comparison several magnitudes slower. This is a property that would be beneficial to
DSSCs application. Also, the detailed understanding of the interfacial charge transfer
dynamics can help researchers to use the dye molecules with acac as anchoring for water
splitting or photo-catalysis applications either in solution phase or thin films.
The study presented in Chapter 4 is a corollary to the acac study covered in
chapter 3 where we observed promising ICT dynamics via the acac linker, which is an
essential factor in solar cell applications. To make the DSSCs cheaper and
environmentally benign, we have attempted to use natural dye pigments such as curcumin
that possess acac as an anchoring group. The natural dyes selected for the study were
three curcuminoids that are intensely colored natural dyes obtained from a turmeric
legume curcuma longa and are structurally similar. They all possess the acac linker to
bind to TiO2 nanoparticles. The premise was that slight structural differences would play
a role in their redox properties which would further our study on the role acac linker in
ICT dynamics for DSSCs application.
The core findings in this study are the following. After substituting the methoxy
functional group with hydrogens in curcumin increased, the solar cell efficiencies
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increased in the case of Bisdemethoxycurcumin and Demethoxycurcumin suggesting the
importance of redox properties of the dye molecules. In addition, we have shown that
curcumin and its natural derivatives interact strongly with TiO2 nanoparticles both in
solution and in thin films through en-ol forming charge transfer complex with Ti(III)
defect states in solution while to the Ti(IV) without CT complex in solution. The electron
injection and charge recombination of curcumin is entirely different in solution and in
thin film phases suggesting a role of the binding geometries in the different phases. The
results obtained from the transient absorption are similar to what was observed for other
acac derivatives discussed in Chapter 3. For Curcumin in solution phase, the en-ol
forming a CT complex with Ti(III) is dominant. The excited charge-transfer state injects
electrons into the conduction band of TiO2 via delocalization with time constants of <100
fs, 2 ps and 20 ps. However, it has long lived charge separation. Curcumin’s en-ol
forming a complex with Ti(IV) is dominant in the thin film phase. As there is no CT
complex formation, the electron injection flows from the excited state of dye and is very
fast. The charge recombination is several orders of magnitude slower. The results indicate
that curcumin and its derivatives can be cheaper alternatives for DSSCs. However, the
stability of these pigments should be studied to use them for solar cells. Our
investigations have shown that ICT dynamics in acac linking groups is different from
that of carboxylate linkers in solution phase and can be exploited for other optoelectronic
applications.
With an understanding of ICT dynamics in the context of DSSCs, we proceeded
to explore the use of dye-semiconductor nanoparticle composites for other optical
applications such as 2PA. Our research group has been exploring this for last five years to
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apply the knowledge gained in ICT dynamics to design and develop better 2PA materials.
In Chapter 5, our research efforts focused on using two coumarin derivatives to
functionalize TiO2 nanoparticles for developing better 2PA materials. The two coumarin
derivatives were synthesized such that when functionalized on TiO2, the electron
withdrawing group on the coumarin would be directed away from and toward TiO2 and
referred to as p-type and n-type chromophore arrangements respectively. Also, these dye
molecules are designed such that the electron injection to TiO2 is less efficient so that
they can probe the influence of ICT on the semiconductor nanoparticle to enhance the
2PA cross-section of the dye. The dyes were attached to the TiO2 surface by a catechol
anchoring group which forms a charge-transfer complex with TiO2 and provides the
necessary dipolar perturbation to influence the 2PA cross-sections of chromophores.
The idea behind this study was to demonstrate the hypothesis that ICT and the
resultant local electric fields on the surface of semiconductor nanoparticles can enhance
the 2PA cross-sections of the anchored chromophores. The 2PA cross-section
measurements were used to highlight the role of chromophore dipole orientation with
respect to TiO2 on 2PA enhancement. The mechanism of the enhancement was
investigated using femtosecond fluorescence upconversion and transient absorption
measurements. The conclusions were drawn from this study were: P-type and n-type
coumarins with catechol anchoring group were synthesized and they have shown
increased TPA cross-sections on the surface of TiO2. The p-type dye exhibited a
significant 4-fold enhancement with a profile similar to its dye cross-section while the ntype had 2 times the enhancement with a profile mirroring its dye cross-section. This
underlined the role of the chromophore dipole orientation on 2PA. The chromophores
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were designed such that they would have a measurable fluorescence quantum yield on the
surface of TiO2. Electron injection was found to be slow for n-type owing to the alkane
bond attaching the chromophore to the catecholate linker and little electron injection was
observed from p-type which enabled us to carry out two-photon fluorescence
measurements. The mechanism behind the 2PA enhancement is attributed to local electric
fields that induce additional change in dipole moment on the chromophore. Transient
absorption measurements verified this and have shown evidence for transient stark effects
in the case of p-type chromophore.
In Chapter 6, we show that the local electric fields can be used to enhance the
2PA cross-sections of chromophores by stationing them on semiconductor nanoparticles
with in-built electric fields. In the previous Chapter, we have shown that the local electric
fields generated at interfaces add to the permanent dipole moment change of the
chromophore and amplifies the 2PA. The catecholate linker formed a CT complex with
TiO2 and enhanced the 2PA cross-section of Coum-Cat by 4-fold. Having observed this
phenomenon, the idea is that if we add small molecules that can form CT complexes with
TiO2, it is possible to enhance the local electric field and thereby the 2PA cross-sections
of nearby chromophores. The precedence for this work came from a study by Rajh and
co-workers, who have shown enhancement of Raman signals at the surface of catechol
modified TiO2 nanoparticles. As Raman signal and 2PA involve virtual states, our
hypothesis was that if Raman signal was enhanced on the surface of CT modified TiO2,
why not 2PA cross-sections of chromophores. To realize this, 2PA cross-sections of two
chromophores, Coum-Cat and riboflavin (with long chain phosphonate as linker) were
monitored in the presence of surface modified TiO2 nanoparticles. To amplify the local
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electric fields on TiO2, varying concentrations of small molecules like catechol, salicylic
acid and acac were added and the 2PA cross-sections of Coum-Cat and Riboflavin
monitored.
The following outcomes were realized from the studies. The 2PA cross-sections
of Coum-Cat were enhanced by as much as 20-fold in the presence of catechol and
salicylic acid modified TiO2 nanoparticles and no enhancement with acac modified TiO2.
In addition, the 2PA cross-section of riboflavin was enhanced by 25-fold in presence of
catechol modified TiO2 and by 2-fold with salicylate modified TiO2 and no enhancement
was observed with acac modified TiO2. From our results, we have shown that it is
possible to enhance the 2PA cross-sections of chromophores that possess local electric
fields and term this phenomenon as “Surface enhancement of 2PA”. The mechanism
behind the enhancement is attributed to the local electric fields generated by surface CT
modified semiconductor nanoparticles that were also realized in transient absorption
measurements via transient Stark shifts. Catechol and salicylic acid which have good
interfacial coupling with TiO2 exhibited significantly high 2PA enhancements in
comparison to acac which does not form a strong CT complex with TiO2.
7.2. Future Outlook
My research work contributes to the field of 2PA materials by providing a novel
method to enhance the 2PA cross-sections of simple organic by placing them on the
surface of semiconductor nanoparticles with in-built electric fields. The overall aim is to
create superior optical materials that are synthetically manageable and do not suffer from
the shortcomings of aggregation at very high concentrations, and photo-degradation
which current 2PA materials are inhibited by. The hypothesis that local electric fields can
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enhance the 2PA cross-sections can be used further in other ways to use organized
assemblies like micelles, polyelectrolytes, DNA and surfaces with aligned electric fields
to amplify the 2PA responses of chromophores. The established structure property
relationships will lead to materials that will be applied as ultra bright labels for
multiphoton imaging, broadband optical limiters, 3D optical data storage, 3D
micro/nanofabrication, photodynamic therapy, upconverted lasing and sensors.
In addition, my study probed the role of the acac linker on ICT dynamics. To this,
a vital addition to the role of the acac linker on thin film where its application is most
pertinent has been unveiled and contrasted to its role in solution. Our results have shown
that acac linker can be a viable candidate as a linker for DSSCs applications. In addition,
such linkers can also be used for other surface related applications of photo catalysis and
water splitting. The charge transfer dynamics have shifted the paradigm in the design of
sensitizers for solar cell application. It has been shown that contrary to the general
consensus where ultrafast ICT is anticipated for good DSSCs sensitizers, slow electron
injection accompanied by much slower recombination can also produce good solar cell
efficiencies. The good efficiencies from DSSCs fabricated from simple natural curcumin
dyes possessing this linker have cemented the merit of our findings. These findings will
contribute to the cost to performance ratio of DSSCs by shifting the focus from expensive
and synthetically cumbersome large dyes to much simpler, economically credible natural
dyes.
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